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SUMMARY
This work is concerned with the configuration and deformation 
of prestressed cable nets treating the nets as discrete systems.
The treatment is as follows.
Chapter 1 describes briefly the three main different types of 
cable systems used in the design of cable roofs, viz.
1) Simply suspended cables,
2) Cable girders, and
3) Cable nets.
Chapter 2 deals with the initial configuration of nets for which 
the prestressing forces are assumed known. The main emphasis is 
given to closed forms of solutions because of their suitability to . 
electronic computation.• • •
In Chapter 3 is developed a theory which will calculate the dis-
*
placements and forces in any type of pinjointed link assembly, both 
rigid and non-rigid, subjected to any type of loading. The appli­
cation of the method is based .upon the minimization of the total 
potential by the method of steepest descent.
Since the method of steepest descent was found to converge very 
slowly a great deal of time was spent investigating this method with 
a view to increasing the rate of convergence. The result of this
v  '
work is given in chapter A* Inthis chapter it is also shown that 
another possible way of locating the minimum total potential is by 
the Runge-Kutta method. The validity of the deformation theory 
was demonstrated by testing a flat net and a doubly curved net.
The design of the model, the test results and corresponding 
theoretical values are given in chapter 5.
In chapter 6 are given the results of an analysis of the behaviour 
of small saddle shaped nets carried out to investigate how the 
stiffness is affected by curvature and intensity of prestress.
In chapter 7 it is shown how a chosen configuration can be calculated 
by the theory given in chapter 3. Where appropriate, conclusions 
on the different aspects of the work are given at the end of each 
chapter. A summary of these conclusions is given in chapter 8 
together with suggestions for future work.
Because of the very large number of tables, graphs and diagrams, 
these have, as far as possible, been included at the end of the 
thesis, as shown in the contents.
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CHAPTER 1 
Cable Roofs
1.1 Introduction.
During the last 20 years a number of large roofs have been built 
in which the main load carrying elements are subjected to tensile. 
forces only* Since all the members are in tension there are no 
stability problems and it is natural to use high tensile steel 
cables in which case very large spans can be achieved* Roofs built 
so far have had spans up to 100 metres and spans up to 500 metres 
have been projected.
Roofs in which the main load carrying elements are steel cables are 
inherently cheap. The total cost of such constructions, however, 
are often adversely affected by the size and cost of the foundations 
required to resist the tensile forces in the cables.
Cable roofs can be divided into three categories .based upon whether 
the roof cladding is supported by: -
a) simply suspended cables * “
b) prestressed cable girders
c) prestressed cable nets
This work is concerned with prestressed cable nets and especially 
with the development of a general and accurate theoretical method 
for the calculation of the ititial configuration and the deformation 
due to applied load. Before, however, proceeding tc the theoretical 
part of the work, a short description is given of the main cable 
systems which so far have been used in the design of cable roofs.
. 1 3
1•2 Roof cladding supported by simply suspended cables
1.2.1 Simply suspended cables in parallel planes
In this type of roof the roof cladding is supported by a series 
’ of simply suspended cables hanging in parallel planes as shown in 
fig. 1.1a. Such systems have no stiffness. To reduce the move­
ments caused by any applied load, the roof cladding must be heavy 
using such materials as reinforced concrete slabs. Unless the 
spaces between the slabs are filled with concrete, thus forming 
a concave.concrete shell, the roofs are still easily deformed and 
not satisfactory. .
Another method of stiffening roofs using simply suspended cables 
is by introducing internal ties as shown in fig. 1.1b., In this way 
the roof cladding can be made much lighter. The disadvantage is 
that the free volume inside the building is reduced.
Cable roofs of this type can also be stiffened by suspending beams 
from the cables as shown in fig. lc. To achieve sufficient stiff-rr 
ness the beams have to be quite heavy resulting in a relatively 
expensive design compared with other methods of cable construction.
1.2.2 Simply suspended cables in radial planes
In the same way that simply suspended cables can be used for roofs 
over rectangular buildings, so they can also be used in the construc­
tion of roofs over circular and oval buildings. The cables are sus-
. ; H
penaed in planes passing through the centre of the building .and attached 
at the outer boundary to a compression ring and at the centre to a 
- tension ring as shown in fig. 1.2. The resultant shape is that of 
an inverted dome. The circular stadium in Montevideo, Uruguay, is 
of this type. The roof cladding was made by placing 5 cm. rein- 
forced concrete plates, on the cables, then a temporary overload 
in the form of bricks was placed on the slabs after which the space 
between the slabs was filled with concrete. When the concrete had 
set, the bricks were removed, resulting in a kind of prestressed 
concrete shell.
1.3 Roof cladding supported by cable girders
1.3*1 Prestressed cable girders
By connecting a second cable of reverse curvature to the suspended 
cable as shown in fig. 1.3a and then tensioning the two cables to 
such a degree that under any applied load the two cables and the 
ties connecting them are always in tension, a cable girder is formed. 
This provides a lighter and stiffer system than the heavily loaded 
• cable, but since the girder has a large degree of - mechanical freedom, . 
relatively large displacements take place when a non-symmetric loading 
is 'applied.
A stiffer girder is achieved by clamping the top' and bottom cables 
together at the centre as shown in fig. 1.3b. The increased stiff­
ness is due to .the reduced mechanical freedom of the system.
The stiffsst type of cable girder developed so far is shown in figJL3c.
The vertical ties in the previously described girder have been replaced
by diagonal members changing the girder from a mechanism into a struc­
ture. This type of cable girder has been developed by the Swedish
engineer Jawerth and successfully used in a large number of buildings,
one of which is the ice-hockey stadium in Stockholm, which has a span 
of 83 meures.
Finally in fig. 1.3d Is shown a type of cable girder in which the top 
cable is convex and the bottom cable concave. This system is again 
a mechanism and the vertical members separating the two cables will 
always be in compression.
.3*2 Cable girders in parallel planes
Examples of roofs in which the cable girders are positioned in parallel 
planes are shown in figs. 1.4a and 1.4b. Since the roof cladding 
is not required to increase the stiffness it can be light making it 
possible to cover greater spans than when using simply suspended cables. 
The main cables in the* examples shown are supported on columns and the 
tensile forces in the cables are transmitted by anchorage cables to 
the foundations.
•3.3 Cable girders in radial planes
By placing cable girders In planes which all pass through a vertical 
axis, roofs can be designed which in plan are either circular or oval.
As in the case of round buildings with simply suspended cables the 
girders are usually positioned between an outer compression ring and
16
a central tension ring. The sports hall in Utica in U.S.A. having 
a span of 75 metres and built in 1959 and the American pavillion 
at the world exhibition at Brussels having a span of 100 metres built 
in 1958, are both examples of this type of construction. Cross- 
sections of the two buildings are shown in figs. 1.5a and 1.5b, res­
pectively. Fig. 1.5c shows how the pre-tension in cable girders can 
reduce the bending moments in cantilevered parts of a building.
Fig 1.6a shows how the girder in fig/.3d. can be used to construct 
a three-way grid over a circular building. The author does not know 
of any roof designed in this way. An investigation of this type 
of roof and a comparison of its stiffness and cost of construction with 
other types of circular cable roofs would be of great interest.
In figi 1.6b is shown a three dimensional view of the roof in fig.1.5b.
Roof cladding supported by cable nets
Another class of cable roofs contains those in which the cables form 
large nets of double curvature as shown in fig. 1.7. The concave cables 
are usually referred to as suspension cables and the convex ones as 
prestressing cables. Stiffness of the nets is achieved by pretensioning 
of the cables before placing the roof cladding. To prevent relative 
movement of the cables they are clamped at their points of intersection. 
For highly curved nets, the clamping must take place before any tension 
is applied to the cables as otherwise it is extremely difficult to 
position the cables accurately.
To the best of the author’s knowledge, nearly all cable net roofs erected 
so far have had cables positioned in two orthogonal sets of parallel
17
planes forming a rectangular grid in plan. . This does not include cable 
nets used for the construction of some concrete shells for which cable 
nets were first erected to form the main steel reinforcement.
In fig. 1.7a the suspension cables are positioned between vertical or 
nearly vertically.placed arches. The foundations resist the prestressing 
forces in the cables and also any additional forces set: up due to the 
weight of the roof cladding, snow.and wind loading. Unless the sus­
pension and anchorage cables are connected by saddles having the same ; 
effect as those used in the towers of suspension bridges, the arches 
may have to resist overturning moments of considerable magnitude.
A design project of a cable net roof covering an area of 180 x 180 ft.
with parabolic arches having a rise of l£  ft at the crown along two
sides and with the suspension cables and anchorage cables connected
by saddles, was carried out under the author’s supervision. The
use of saddles resulted in arches of a very slender and elegant appearance
as the bending moments set up in the arches were reduced to negligible,
magnitudes.
The ice-hockey stadium at Tammerfors in Finland, covering an area of 
92 x 63 metres has the configuration shown in fig 1.7a. In this 
building, however, the suspension cables are continued through the 
arches and down to the foundations.
If the arches are inclined to the horizontal as shown in fig. 1.7b, 
the self-weight of the arches may be sufficient to resist the tensile 
forces in the suspension cables. The result of this is to reduce the 
size and cost of the foundations. The Raleigh Arena in U.S.A., built 
in 1952, is designed on this principle. The arches are inclined 
at 22° to the horizontal and the building has a maximum span of 92 metres.
18
Finally in fig 1,7c. is shown a roof in which the edge members are 
straight. The configuration resembles that of a hyperbolic paraboloid* 
Because of the large bending moments set up in the edge members by 
the cable forces this configuration is only suitable for roofs having 
considerably smaller spans than those previously mentioned.
If the roofs are only of a semi permanent nature and stiffness is a 
minor consideration it is possible to replace the edge members shown 
in fig. 1.7c by cables. This may also be possible for cable net roofs 
of different configurations.
Roofs built-in the form of cable nets are inherently cheap and can cover 
larger spans than is possible with conventional methods of construction-. 
Their disadvantage is their lack of stiffness. The stiffness for any 
configuration can, as is shown in chapter 6, only be improved by 
increased prestreSsing of the cables. - As, however, the size' of the 
edge members and the foundations and consequently the cost of the 
whole project are functions of the intensity of prestress, it should 
be appreciated by any engineer and architect contemplating such a 
design that the stiffness of a net is also a function of the curvature 
and that an ill chosen architectural form may greatly.increase the cost 
of any project. In the past., increased stiffness to prevent flutter 
of cable roof nets has been sought by increasing the weight of the roof 
cladding and/or by attaching internal ties to the nets. The first 
method increases the cost of the project; the latter method gives an 
untidy appearance.
19
CHAPTER 2
. Configuration theory.
2.1 The configuration of unloaded prestressed cable nets.
In the last decade several papers have been published on the con­
figuration of prestressed cable nets by Dean and Ugarte (10), Hussey 
(16), Schleyer (26) and Siev (30). Summaries of these theories are 
given in section 2.1.1 below.
2.1.1 Summaries of configuration theories for prestressed cable nets.
By regarding a net with cables suspended in two orthogonal sets of 
parallel planes as a continuum having zero bending stiffness and 
self-weight, Schleyer developes the equation
for the configuration of the net, where X and Y are the horizontal 
and Z the vertical coordinate for any point on the surface. Hxo and 
Hy0 are the horizontal components of the prestressing forces per 
unit width of the membrane in the Y and X-directions respectively.
An improvement in the theoretical approach is given in Siev’s paper 
in which he establishes the following finite difference equation 
for a net whose cables form a square mesh in plan:
d 2Z d 2Z
m,n
= 0
20
Here suffixes m and n count the cables in the X and Y-directions 
respectively and A  , A.n denotes the forward difference operators 
in these directions. •
Siev, however, fails in solving the finite difference equation and 
proceeds to' consider the net as a continuum with the above equation 
replaced by
d 2Z d 2Z -
H / \ ----. + H / \ --- = 0
(y) ^
where H/ \ and H/ \ are defined in the same way as H ‘ and H • re­ly; (x; J xo yo
spectively in Schleyer’s equation* The two.equations are therefore 
identical.
The work carried out by Dean and Ugarte is a further step forward 
theoretically. They establish the finite difference equations for 
the configuration when loaded in the cases of
a) doubly threaded nets
b) triply threaded nets •
c) quadruply threaded nets.
The solutions to the finite difference equations are given in double 
finite series by assuming
a) flat boundaries, quadrilateral and triangular in plan
b) cables which are straight in plan and equally spaced in 
each direction.
The assumptions that the boundaries are flat, however, makes the 
solutions of little practical value.
For doubly threaded nets with quadrilateral boundaries a -solution
21
i
is also given in the form of a single Fourier series. In this case 
only two of the boundaries are assumed flat.
The most useful of the configuration theories developed so far is 
Hussey*s development of the general finite difference equation for
I
doubly threaded nets. For the case where the cables form a rectan­
gular mesh in plan and are parallel to the boundaries the solution 
is given in terms of double Fourier series which are further expres­
sed as a product of matrices making the solution very convenient for 
computation by electronic computer. •
All the theories advanced by the above authors assume, for a numeri­
cal solution to be possible, that the horizontal components of the 
forces in the cables are known. To achieve any desired configuration 
is therefore a matter of trial and error.
2.2 Fourier series solution for configuration of cable nets with repeating 
_pattern and rectlinear boundaries.
2.2.1 The configuration of nets with cables forming a rectangular grid in -plan.
The following account summarises Hussey’s method of solution.
Assumptions:
a) The projections of the cables on the horizontal plane are 
straight lines.
b) The two sets of planes in which the cables hang are' orthogonal.
c) The weight of the cables act at their points of intersection. 
Taking a right-handed ortogonal system of coordinate axes (X, Y, Z)
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with X and Y in directions of the two sets of cable projections, 
the cables lying in the X-direction are enumerated by a general 
suffix n and in the Y-direction by m, so that n,m represents a typi­
cal joint and (X, Y, Z) its coordinates. ( See fig. 2.1a)
Since the cables are straight in plan and the planes in which inter­
secting cables are suspended are at right angles it follows that the 
horizontal components of the forces Hm and Vn in cables m and n re­
spectively are constant throughout their length.
The tension coefficients for the forces in the cables are denoted 
as shown in fig. 2.1a.
From the equilibrium of the forces acting upon joint n,m we get, for 
the X-direction,
^  ^n+l,m “ ^ n , m ^ ^ m  ^  ^n,m “ ^ n-l,m^ = ®
= 0
or V  ( t ^ A  X ) = 0, t ^ A  X = H (2.1)v n' m n n,m' 9 m n n,m m ' <
where A  denotes the forward difference operator and 
V  denotes the backward difference operator.
Similarly for the Y-direction:
vm( tWAmYn>m) = 0, t(” )AmYn>m = vn (2.2)
and for the Z-direction:
{V„(4n)An) ♦ vm( 4ffl)Am)}zn>m = m n>n : (2.3)
where m  n m^ is the load on the joint. - 
Substituting
VJ
t <») „ _ J L .  ari t M  = _ 2 _  . (2.4)m
/ \  Y  . _ .
m TTm n,mA i?n,r " A -Y-
23
in equation (2.4-) we gets
Hm V n
I ^n \ i A m
,A Y \ m n,m
►?n,m “ m  n,m (2.5)
An^n, m/
The differencing operations in (2.5) may be written in the form
I n n, m
n
&n ^n,m (&n -^nym^ ^ n^n,m) 
^n^n,m (^n^n,m^ ^ n^n,m^
V m
brnzZv, _ (6^ Y~ w )( V A A  „,)m n,m ' m n,m'' m n,m'
l A x  A j A  ■ (AJL, ™)( V  Y '„,)\ m n,m/ m n,m ' m n,m'' m n,m'
where b denotes the central difference operator.
Hence equation (2.5) may be written*
Hm
'n (!>n2xn,m)V n
+7. m
^AAi,m \Am^n,m ( ^ m^n,m) (^m^n,m) l j
VZ
= uin.m
n,m
(2.6)
This result provides in convenient form a system of equations 
for Zn>m.
If the spacings of the cables are constant in the X and Y-directions, 
then -
6„ X_, _ n n.m = 6r« Yy = 0un xn,in
In this case, when the cables are prestressed so that 
and
= tin A nx m = constant for all mm
Vn = = <=°“Stant for all n
then tin  ^= constant for all m = tx, say
and
'm
M  =
n constant for all n = t , say,«y
and equation (2.6) reduces to the elliptic difference equation
(^x^n2 + "^y^2 )Zn m^ = m n,m (2.7)
2 i,
For.a'rectangular domain with boundaries n = 0, N and m = 0, M on
which Zn m is given, a solution of equation (2.7) may be obtained
in double finite Fourier series as follows*
Let Z = Z + Z®n,m *n,m • *n,m
where Zn^m assumes the given boundary values on n = 0, N and m = 0,
M and is zero at interior nodal points and is zero at the boun­
daries* Equation (2*7) may then be written as:
( ^x^h2 + ^y&m2)^n,m = m n,m . ( ^x&n2 + ^ykm2)Zn>in (2*8)
where the right hand side is a known function which can be calcu­
lated for any given problem. "
If we put
^n,m = m n,m “ ( ^xbn2 + *y^m2)Zn,m 
equation (2.8) may be writtenas:
( *kx?>n2 + ^y&m2)^n,m f ^ n,m (2*9)
where Z * m = 0 along the boundaries.
Since Z j ^  = Z^>m at all interior points, the solution of equation
(2*9) is the required solution to the problem.
To solve this equation, first consider the ordinary linear difference 
equation
2> f n = Afn
with boundary conditions f© = %  = 0*
Assuming a solution of the form
fn = s i n ^ 2 , ( p = 1, 2,...,(N-1)) (2.10)
_ _ . • xp
If we let . a = -jj- we have:
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 ^ ~ ^n+1 + fn-l ~
= ( sin(n+l)a - sin(na)) - ( sin(na) - sin(n-l)a)
= 2( cosa - l)sin(na)
and hence (2.10) is the solution of the given difference equation
provided /^assumes the eigenvalues
A p N = 2( cos^ - 1), ( p=l, 2,...,(N-1))' (2.11)
Generalizing this result to two dimensions-, the solution of equation 
(2.9) can.be found in the form
N-l M-l_ i \— i — i • . nun . muq , _ , _ x
zn,m = 2_> 2 iapqsln'ir’sinl4 (2-*-2)
p=l q=l
If we now let
r——i nup muq .
''n„ = E D p q^ nT sinT  (2*13)
. " p=x q=l .
and substitute the expressions (2.12) and (2.13) for Zn m -and Wp m
in equation(2.9) we obtains *
N~1 M-l ■„_« . N-l M-l
| Z  £ (  V A qM)apqsinl T sinl ^  = E  C " p q S i n^-sin—
(2.H)
and hence
1
a — u^ (2.15)
( Sc^pN +
If we now multiply both sides of equation (2.13) by the product
nup muq
sin-ft-sini*
and sum over n and m, we get, on applying a suitable change of dummy 
subscripts:
. pur . qus . pur , sum qus .C r— iTT t-— « v— i — i . run c
2— )Wrssin~r sinT  = L L L  2^unmsinirsinx sinirsin
r=l s=l n=l m=l r=l s=l M
NM 
= u upq
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and therefore
• __ U  r — m  a P 7 1 1 * • C N 11S
upq ~ 2-_iWrssin n sin M
r=l s=l
(2.16)
Substituting the expressions for the coefficients apq> Upq given by 
(2.15) and (2.16) in (2.12) we get the solution 
N-l M-l, -| N-l M-l '_— , y— 11 ±
f e i  + ^ A
Zn,m m i Jx /vpN y  qMr=i s=l
v— i r— r . pur , qus \ . nup‘ , muq
2-^Wrssin— sin-^-Jsin-^-sm—
(2.17)
MP=1 q:
This form of solution has the advantage from a computational point of 
view that the vertical coordinates can be expressed as a product of 
matricec.
The matrices are defined as follows:
si  = 
s2 =
( symmetric, of order (N-l)x(N-l))Sin N J
Qlt S
sin-^- , ( symmetric, of order (M-l)x(M-l))
W = l^ rs] > ( °^ order (N-l)x(M-l)) 
B = [o?q] = SiWS2
A = N
whence
bpq
pN + qM
z ' = [zn,m] = ^  SiAS2 ’ ' (2.18)
This completes the account of the configuration theory as developed 
by .Hussey.
The influence of the weight of the cables on the configuration is best 
taken into account by an iterative process in which initially the net 
is assumed to be weightless. At the end of each Iteration the current 
values of mare computed and used in the next iteration.
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Different cases solved have shown that accuracy in the first four 
decimal places have been achieved after three iterations.
2.2.2 Fourier series solution for doubly threaded cable nets with any. . 
quadrilateral boundary.
Up -to the present it has been assumed that equation (2.17) is applic­
able only to doubly threaded nets with rectlinear boundaries and 
rectlinear repeating pattern in plan. An inspection of fig. 2.1b, 
however, shows that the above equation can also be used to calculate 
the configuration of doubly threaded nets which in plan have any 
quadrilateral boundary provided the cables in plan are straight and 
equally spaced along each boundary.
In such a configuration each cable is divided by the intersecting
cables into links which projections in plan are of equal length.
Also, since the horizontal component of the cable force for any cable
remains constant along the length of the cable it follows that the
value of the tension coefficient for any cabie is constant through-
. out the length of the cable. Thus the vertical equilibrium condition
for a typical'joint n,m may be written as
( t„,6 2 + tv,&_2)Zv, _ = m » _\ m n n m 7 n,m n,m
The above equation is identical with equation (2.7) except for the 
suffixes of the tension coefficients. If, as previously, the tension 
coefficients in each of the two sets of cables are assumed constant 
the solution to the above equation is given by equation (2.17) provided 
we replace t and t . by t and t respectively.y Hi xi
28
A flow diagram for the calculation of Z ' for nets with rectangular 
boundaries is shown in fig, 2.2 where a and b denotes the spacing 
of the cables in the X and Y-directions respectively, w is the self­
weight of cables per unit length and K counts the number of iterations,
2,2.3 The configuration of nets with rectlinear boundaries and cables 
diagonal in plan.
In this and the following sections we.shall consider a generalization 
of the method to cover cases where the nets have regular repeating 
patterns in plan. Since we are in practice restricted to continous 
cables, however, this limits the application of this method to di­
agonal nets forming diamond and triangular - shaped patterns. These 
constitute the most general combinations which can be solved by - 
double Fourier synthesis and gives rise to biquadratic difference 
equations as compared with the elliptic difference equation conside­
red by Kussey.
The type of net considered in this section and the notations used 
for a typical joint n,m are shown in fig. 2.3.
Writing E Zn,m “ ^n+l,m
E_lzn>m “ ^n-l,m
F zn,m “ ^n,m+l
E"lzn,m ^n,m-l
where E and F denote shift operators, the conditions for vertical 
equilibrium at joint n,m may be written as follows:
t ' ( EF + E - V 1 - 2 ) 2 ^  + t"( E - %  . EF"1 - 2)Zn>m = ' m n>m (2.19) 
where t ’, t* denote the respective tension coefficients in the two
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sets of cables as marked in the diagram.
In the case t ' = tn = t equation (2.19) reduces to:
t( EF + EF’"1 + E-1F + E ^ F -1 - 4-)Z„ m m (2,20)n,m $
Considering the product
( E + E"1 - 2) ( F + F"1 - 2) = ( EF + EF*”1 + E ^ F  + E ^ F ”1 - U)
- 2( E + E”1 - 2) - 2( F + F”1 - 2)
we see that equation (2.20) may be written in the form
t(( E + E-1 - 2)( F + F"1 - 2) + 2( E + E-1 - 2) + 2( F + F-1 - 2))Zn>m
= m n,i
or M  2>n2&m2 + 2( bn2 + 2>m2))2n,m = m n,m (2.21)
As in section 2.2.1 we express the solution in the form
^n,m =: ^n,m +
where Zn m^ assumes the given boundary values for even values of n 
and m from n = 0 to N and m = 0 to M and is zero elsewhere, and •
Z ^ m is zero at the boundaries.
From equation (2.21) we then have:
t( bnV  ♦ 2( V  + \ * ) K , n  = « n , B - M  V * . *  + 2< V '  + 0 >zn,m .
where the right hand side is a known function which can be calcula­
ted for any given problem.
If we put ■
Ai,m ~ m n,m “ 6n ^  &n + 6m )^n,m
then the problem reduces to
M  &n2&m2 + 2( bn z + &m2))Zja,m = ^Tn,m (2.22)
where Z ^ m = 0 along the boundaries.
Now consider the product of the two functions ,
^rAn “ Ai,m
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where gn, hm are the eigen-solutions to the difference equations 
^n &n = A  pN §n anl “ ^qM^m
With respective boundary conditions go = gN = 0 an<^  = =
and therefore with eigenvalues AqM of forms given by
equation (2.11).
It then follows that
fcn Ai,m “ ApN AqM^n^m
and thus
&n &m + ^  An + ^Ai,m  “ ^  -^ pN AqM + ^^^pN + AqM^^n,in 
Hence using precisely the same method as in section 2.2.1 we obtain
the solution
i N—1 M—1 N—1 M-l _ „
zn,m = i w C  C (ap q C  Z>rssin^ sinV ) sinl A inl^ . <2-23)
■ p=l q=l r=l s=l
where
  1   .
apq ^.(ApN AqM-+ 2( ApN + ■ AqM))
which as in the case of equation (2.17)can be expressed as a product ,
of matrices.
If the boundary of this type of net is square in plan it may be 
used to calculate the configuration for cable nets of the type shown 
in fig. 1.7c.
2.2.4 The configuration of quadrouply threaded nets with rectlinear 
boundaries in plan.
Combining the two types of nets shown in sections 2.2.1 and 2.2.2 
• we may obtain a net which in plan will appear as shown in fig. 2.J+.
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For a net of this type a closed form solution may be obtained if 
we make the following assumptions:
a) The net is only clamped at points where four cables intersect 
and is unclamped elsewhere.
b) The dead weight is assumed to act at the clamped points only#
c) The cables between any two clamped points are straight.
d) The tension coefficients for the forces in the cables in.the- 
N and M-directions are both constant and equal to tjjj and tn 
respectively#
e) The tension coefficients for the forces in bbth sets of dia­
gonal cables are constant and equal to t^.
The condition for vertical equilibrium at a typical joint n,m is 
then given by:
( t_( b 2b 2 + 2( b 2 + b 2)) + t b 2 + t &2)Z = m  (2.2U)' D n m V  n m '' .inn n m ' n , m  n,m ' '
As in sections 2,2.1 and 2.2.2 we express the, solution in the form
Z = Z + z rn,m n,m n,m
where Zn m assumes the given boundary values on n = 0, N and m = 0*
M and is zero at interior nodal points, and Z ^ m is zero at the 
boundaries.
From equation (2.24-) we then have:
( V  + 2< + V ) )  + V n ’ + V > » 8)ZA,m = m  n,m
- t'-tpC 6n V  + 6n3 ■* V ® *  V h 8 + / <2-25>
where the right hand side is a known function and can be calculated 
for any given problem.
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If we put
^n,m = m n,m “ ( &n 5m + 2( &n + &m )) + tm6n + ^m&n^n,m
equation (2,25) may then be written as:
( tn( K 2K 2 + 2( 6r/ + O )  + t 6 * + tT16nia)Z' _ = ‘ (2.26)' D n m ' n m 77 m n  n m 7 n,m n,m
where Z ^ m = 0 along the boundaries.
Hence, using precisely the same method as in sections 2.2.1 and 
2.2.2 we obtain the solution .
* ri.
1 N-l M-l N-l M-l ___
Zn,m = SmC  C ( apqC  & rsSi n ^ Si n L ) sin- J sln-9. (2.27)
p—*i q-1 r-1 S — I
where
■    1
^  ~ V A pN A qM + 2( A pN + A jM }) + V S * +
The form of solution given in equation (2.27) is similar to equations
(2.17) and (2,23) and can consequently also be expressed in matrix form.
2.2.5 The configuration of trebly threaded nets with rectlinear boundaries 
in plan.
If in the net shown in fig. 2.4 we remove the cables in the M-di- 
rection we are left with the type of net shown in plan in fig. 2.5.
Also for this type of net a closed form solution may be obtained 
if we make the following assumptions:
a) The net is only clamped at points where three cables inter­
sect and is unclamped elsewhere.
b) The dead weight is assumed to act at the clamped points only.
c) The cables between any two clamped points are straight.'
d) The tension coefficients for the forces in the cables in the
N-direction are constant and equal to t^.
e) The tension coefficients for the forces in both sets of dia­
gonal cables are constant and equal to t^.
The condition for vertical equilibrium at a typical joint n,m is 
then given by:
( V  6n V  + 2( + + V n 8)Zn,m = «n,m <2’2S)
As in the previous sections we express the solution in the form
Z = Z + Z*n,m n,m • n,m
where Zn>ra assumes the given boundary values on n = 0, N and m = 0,
M and is zero at the interior nodal points, and Z^ m is zero at the 
boundaries.
From equation (2.28) we have:
( tn( + 2( K *  + K 2)) + tm6r,2)Zn m = m  n m' i J ' n m  ' n m 77 m n 7 , ,
" ( 6n2?>m2 + 2( 6r/ + &n,2)) + m (2.29)' D' n m  ' n m 77 m n 7 n,m ' 7
where the right hand side is a known function and can be calculated 
for any given problem.
If we put
W = ui - ( tn( 6 z b 2 +‘2( b 2 + 6 2)) + t 5 2)z n,m n,m v n m V ■ n m 77 m n 7 n,m
equation(2.29)may then be written as:
< V  V V  + 2( V  + '’m8)) +. V n = Wn,.n (2*3°)
where Z ^ m = 0 along the boundaries.
Hence, using the same method as in the previous sections we obtain 
the solution
4^==^ r^r pmr qxsx rotp nntq
zn,m = Nm L-, 2 , < apq£ , 2_JMrssinTrEinir)sinirsinir (2-31)
p=l q=l r=l s=l
where
   1 _
apq ^ ( A p N A q M  + 2 (^pN + + \  ^ pN
The form of solution given in equation (2.31) is similar to equati­
ons (2.17), (2.23) and (2.27) and can consequently be expressed in 
matrix form.
2.2.6 Examples of nets with rectlinear boundaries for' which closed form 
solutions are not possible.
Closed form solutions for the configuration of nets with rectlinear 
boundaries are only possible when the cables in plan form a repeat- 
able pattern and the number of cables intersecting at each joint is 
the same. Thus no closed form solutions are possible for the nets 
shown in figures 2.6a-and b. ' ■
In fig. 2.6a the pattern for the interior joints is not repeated 
for the joints next to the shorter boundaries.
In fig. 2.6b there are two different types of joints, one where two 
cables intersect and one where four cables intersect. If only the 
points where, four cables intersect are assumed to be clamped the 
pattern for the joints next to the boundaries is different from 
the interior ones, thus making a closed form solution for the con­
figuration impossible. .
CHAPTER 3 
Deformation theory
Structures and structural mechanisms.
Non-linear behaviour in structures may be due to either one or both of 
the following reasons.
a) The use of components in which the force/displacement curves 
are non-linear.
b) The use of structural assemblies in which the displacements of the 
joints are finite and not infinitesimal.
It is the latter type of non-linearity which is considered in this work.
The equilibrium conditions of any pinjointed link assembly can be written 
as EP = >  \ (3.1)
where E = equilibrium matrix,
P = internal force vector and
F = external force vector.
The equilibrium matrix E is of the order (f x m)
where f = number of degrees of freedom of all joints and
m = number of members or links.
If the equilibrium matrix is of rank r, where ' ^
r ^ m , :
then it may be partitioned as shown in fig. 3.1, and (m - r) linearly
independent vectors can be found such that
EPi = 0 ( 1  = 1,2, ... (m-r))
Hence if p is the number of independent ways of prestressing the assembly,
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then p = m - r
or r = m - p . (3.2)
Let x = displacement vector of joints-and
e = elastic deformation vector of links.
Then PTe = FTx (3.3)
where the superscript T denotes transposition.
From equation (3*1) we have:
pte n= ft
and substituting in equation (3.3) we get*
ETx = e (3.4)
Equation (3.4) may be partitioned as shown in fig. 3.2.
The rank of E -^ is the same as for Ej hence (f-r) linearly independent
vectors x 4 can be found such that
j
ETXj = 0  ( J = 1, 2, ... (f-r))
showing that, according to the particular loading conditions, the system 
may be subjected to (f - r) independent rigid body displacements super­
imposed on the displacements consistent with its elastic deformation.
We therefore define the degree of mechanical freedom of the system (DMF) 
as DMF = f - r
But from equation (3.2) we have
r = m - p
and thus DMF = f - m ■+ p (3.5)
The assembly is classified as a structure if
DMF = f - m + p = 0 
and as a structural mechanism if
DMF = f - m + p > 0
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Most structural mechanisms will exhibit finite displacements. The values 
of the elements in the equilibrium matrices will therefore change during 
the course of displacements, thus categorizing the assemblies in the non­
linear field of study , as described under (b), section 3.1.
Usually for assemblies which are classified as structural mechanisms the . 
stiffness matrices are ill-conditioned.
Mechanical freedom of cable nets.
Prestressed cable nets may be considered as pinpointed link assemblies 
if the usual assumption is made that cables cannot resist bending.
Cable nets where only two cables intersect at any point have a large 
degree of mechanical freedom and are therefore structural mechanisms and 
not structures and consequently belong to the non-linear category of 
link assemblies.
The value of p for curved nets of this type, since the configuration 
will change if a different system of prestress is applied, is equal to one. 
For example, the small curved prestressed net shown in plan in fig. 3.3 
has a mechanical freedom.
DMF = 3 x 9 - 24 + 1 = 4  
Cable nets constructed so far have had a very large degree of mechanical 
freedom. For instance the cable net built over the ice-hockey stadium in 
Tammerfors in Finland with 11$ suspension cables and 50 .pre-tension cables 
has 5865 degrees of mechanical freedom.
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3,3 Previous deformation theories.
The most important theoretical contributions to the literature dealing
with the deformation of prestressed cable nets have, been contributed 
by Hussey (16), Schleyer.(26), MBllman (22) and Siev (31). Their
theories are briefly described in section 3*3.1 below.
3*3.1 Summaries of Schleyerfs, Slev^, M&Llman'g and Hussey’s deformation 
theories.
Shleyer, having established the membrane equation for the configu­
ration of nets which in plan form a square mesh, proceeds to develop 
a deformation theory for the membrane when loaded.
Initially the displacements are assumed linearr Subsequently the non­
linear behaviour of the membrane is taken into account by applying 
additional loads which are functions of the displacements and forces 
at any stage of the procedure. In this manner he arrives at a partial 
integral-differential equation which is solved numerically.
The membrane theory ignores the effect of the mechanical freedom in 
the type of net considered and since for structural mechanisms the 
major part of any displacement may be due to the mechanical movementsy 
of the system the correctness of any solution by this method ought 
to be checked experimentally. This is especially so in cases where 
the applied load and/or the net is non-symmetrical.
MBllman and Siev both describe-an iterative method in which the 
change in geometry of the assembly is taken into account by re­
calculating the stiffness matrix at each iteration. The changes
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in the displacements during each iteration are assumed to ..be linear.
The exact solution is assumed reached when the product of the stiff­
ness matrix and the joint displacement vector is equal to zero.
The method has the following disadvantages:
a) For non-rigid assemblies the stiffness matrix is ill conditi­
oned and the method diverges for loads of practical magnitudes. 
Siev has not given any numerical solutior^s. Mbllman on the 
other hand shows that if an estimate of the change of force is 
included the method will converge.
b) Even when large electronic computers are used only small cases 
can be solved because of the large storage required.
The most useful theory in this field has been proposed by Hussey who 
points out that the deformation of any geometrical assembly may be 
found by minimization of the total potential energy. The condition 
of stable equilibrium is reached when the total potential energy is 
a minimum. For assemblies where the stiffness matrices are non-singular 
the generalised Newton-Raphson method is used to locate the minimum on 
the total potential energy surface. For assemblies where the stiffness 
matrices are ill-conditioned it is suggested that the best metod of 
minimazation may be the method of steepest decent. This is the method 
adopted by the Author in his paper "Deformation of Prestressed Cable 
Nets"(6). The theory is given in section 3.4- and has the advantage that 
it is independent of the classification of the assembly.
uo
3,4, Theory of the gradient method of solution.
3.4..I Expressions for potential energy gradients for finite displacements.
The total potential of the system is given by:
W = U + V • (3.6)
where U = the elastic potential or strain energy of the system,
V = the potential energy of the loads applied to the system.
For constant loading, equation (3.6) may be written
M
» = & !  - M T [x] (3.7)
y m=l
where [FJ = column vector of all the external applied forces,
[x] = column vector of all the joint displacements,
Um = strain energy stored in. any link or member m,
M = total number of links
The equations of equilibrium at all joints can now be expressed as
d w / d x ^  = 0
where xj^ = deflection at joint j in the i th direction.
Differentiating equation (3.7) with respect to x -h  we get:
a  M
Ow/dxj;L = X “J d V d x j i  “ Fji (3#S>
m=l
Consider a joint j as shown in figure 3*4- and all the members meeting 
there. Let the force Fj cause a displacement Xj^ in direction i.
Then since Um is the strain energy in any link, but only the strain 
energy in links jp, jq, jr;and js meeting at j are functions of
the right hand side of equation (3*8) will in this case only contain
four energy terms as shown in equation (3.9) below:
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q
r
Fig. 3.5
dw/axji = a( ♦ ujq ♦ Ujp.+ ujs y d x j i  - FJ t (3.9)
where Fj^ = the component of the force F^ in the i-direction.
In the above it has been assumed that only four links meet at the 
joint j. If, however, joint j is connected to N joints then equation 
(3.9) becomes
aw/dx.-i = C  dUiJ/axji - Fjt • (3.10)
n=l
Considering displacements in the X, Y and Z-directions, we may 
write for any joint in equilibrium:
6 w/c3xj = dw/dyj = dw/dz^ = o
Let the tensile force in any link jn be Pjn and the elongation of 
the link be ejn j then we have
dujn = pjndejn 
dUjn/(3xji = (dUjn/dejn)(dejn/dxji)
Substituting in equation (3.10) we get
N
d w d ^ i  = Z I P j n <3ejn /dxji - Fjt 
n=l
We now require an expression for dejn / d x ^ .
Let Ljn = initial length of link jn ( fig. 3.5) } then
(3*11)
where summation over i on the right hand side of the above equations
%
implies summation in the X, Y.and Z-directions, and Xj^ (i=l> 2, 3) 
denotes the initial coordinates ( Xj, Yj, Zj) of joint j.
Also ignoring second order of smallness we have
( Ljn + «jn)* “ Ljn* =
Hence
ejn = /*Z](2( xni ~ Xji^ +  ^"^ ni ~ xj i ^  ^ i  " xj i ^ ^ j n  (3.12)
In order to obtain an expression for <3ejn / we write
a®jn _  d e jn _ d( x n i  -  Xji)
1 «"*• _ 2C 1, - * “7
d x ^  6( ^  - *.,) d x j±
Differentiating equation (3.12) with respect to Xji we get 
a e in 1 d( Xni “ xii)
— ---= -----(2( X i - X u ) + 2( Xni - x^i))x--------- 1---
■ . 1
= - “ (( xni ~ Xji) + ( *ni *" xji)) (3.13)
jn
Substituting the expression for 6 ejn /d^ji equation (3.11) we 
get
6 w  N
I = " E ( pjn /Ljn)(( xni “ xji) + xji)) 5,1 Fji (3.14)
UXj^ n=l
Let tjn = Pjn /Ljn . Then for any joint j we have
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& W  N
—  = " L ^ n t t  x„ " xj) + ( *n ~ xj)) - FjX
OXj n=l
dw  N
—  = - C v ( in - V + < - yj)) - V  (3*^5)
j
<^W N , .
_  = - 2_Jt;|n(( Zn - Zj) + ( zn ^ Zj)) - FjZ 
OZ4 n=l
3*4*2 The stationary condition in direction of steepest descent.
The gradient vector [6 W/dx] represents the unbalanced forces in 
the X, Y :and Z-directions for a displacement vector [x] and has for 
this displacement vector the. direction of greatest increase of the 
total potential*'
Suppose that in the stage of the calculation the displacement 
vector is [x^ jjj* The corresponding gradient vector is [c)W/ dx^jj •
The euclidean norm of the out of balance force is then given by
R = ([dw/dx(k)] T [dw/.dx(k ]^ J1/2 (3.16)
Dividing each, element in the gradient vector by -R gives a unit . 
vector [v (k)l direction of the steepest descent of the total
potential surface*
The stable equilibrium position of any body is found when the total 
potential is a minimum* To minimize the total potential we can move 
along distance S until the minimum value of the total po­
tential along this direction is reached* The next improved displace­
ment vector is then given by:
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[x (k+lj] = [x (k)l + S[v (k)l (3*3-7)
Successive iterations will eventually produce a displacement vector 
for which R is zero or negligible and the total potential is a mini­
mum* When this is so the forces at all joints will be in equilibrium 
and the correct displaced form due to the applied load will be reached*
The total potential for a pinjointed assembly can be expressed as a 
fourth order polynomial in the steplength S, of the form*
W = CXS* + C2S3 + C3S2 + C4S + C5 (3.18)
For the total potential to be a minimum, we therefore must have
dW/dS = 4CXS3 + 3C2S2 + 2C3S + = 0 (3.19)
The smallest positive root of this equation gives the requiered
minimum of the total potential along the vector [v (kj] at any stage*
It now remains to evaluate expressions for the constants C^, C2, C3, 
and C5 in equation (3*18). To do this let us consider the link 
jn in which the initial prestressing force is taken as Pjno*
We then have*
Pjn = pjno + EAejn A jn 
where E denotes Young’s modulus and A.the cross-sectional area*
The strain energy in this link is thus
Ujn = Jpjndejn
= pjno + EAejn A jn)d.jn'
= pjnoejn + EAejn3/2Ljn ' (3.20)
Let and represent the displacements of the joints
n and j at the k *^1 iteration. Also writing
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Xni ~ Xji = Xi *ni " xji = xi
for shortness ( on the understanding that the link referred to is 
that between joints j and n ), then from the (k+1) iteration we 
obtain
Xhi ” xji = ( ^ ( k )  * Svni(k)) “ ( xji(k) + Svji(k))
= xi(k) + STi(k)
where
and
xi(k)^“ xni(k) “ xji(k)
vi(k) = vni(k) " vji(k)
Substituting in equation (3.12) we have iii vector form*
1
®jn = —  (2fxi]T[xi(k) + Svi(kjl + txi(k) + Svi(k)lT [xi(k) + Svi(k)])
2Ljn
( an ♦ a0S .+ a«S2) (3.21)
'jn
where
(3.22)
»i.“ M T[xi (kjl +[xi(kjlT[xi(k)l/2 
®2 = ^ i ] T[vi(kii<xi(ki]T [-i(k)l • 
a3 = [vi(kj] TIvi(kjj
and the inner products are taken over the X, Y and Z-directions. 
Substituting the expression for enj in equation .(3.20) and omitting 
the suffixes n and j for brevity, we find the strain energy in any 
link to be
Uo + V l  + EAaiV 2I.3) .
t aj+ EAa^ao A 3 )S 
t0aj+ EA( &2 *  2aiaj)/2L3)Sx
U .= U0 + PQe + EAe S/2L =
EAa2a, A 3 )S3 
EAa,S/2LS)S* (3.23)
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where UQ is the initial strain energy in link due to the initial 
force Pft, and t is the initial tension coefficient#
From equation (3*7) we have
M
v = L >  - |f1t|X ]
m=l
M ' '
= L >  - W T[x(k^ - [F]T[Sv(k)] 
m=l
Hence
Ci = 5 .EAaj8/2L?
C2 = £ ,'EAsir&2
c3 = 0  v3 + EA( a2* + 2aia3)/2L3) ' V (3.24)
' .04. = C (  V 2 + EAaia2 /l3) " W T &(kji
C5 = O  Co + t0ai + EAaxVZL?) - [F]T [x(k)] 
where the summations are over all the links and the inner products 
are over the X, I and Z-directions at all the joints#
If the assembly is subjected to a temperature increase T then for 
any link the extension is
e = ( P - PQ )L/EA + LaT 
where a is the coefficient of thermal expansion for the link#
4
Hence P = P0 - EAaT + EAe/L
and the strain energy
U = ( U 0 + EAL(aT)2/2 - PJL aT) - ( PQ - EAaT )e’ + AEe2/2L (3.25)
Comparing equations (3.23) and (3.25) we can see that the expression 
for the strain energy may be written as
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U = ( UQ + EAL(aT)2/2 ~ tQL2aT) + (( tQ - EAaT/L ^  + EAa12/2L3)
'+. (( tQ - EAaT/L)a2 + EAa-j_a2 /L3 )S .
+ (( tQ - EAaT/L)a^ + EA( a22 + 2a1a3)/2L3)S2
+ ( EAa2a3 /L3)S3 + ( EAa32/2L3 )S * (3.26)
From equation (3*26) we obtain the constants C2, C3, and 
in the expression for the total potential when the cable net is 
sub j ected to temperature fluctuations in addition 'to the applied 
forces in the form: 
cx = F~|EAa33/2L3
C2 ~ ^  E^Aapap /L3 1
C3 =2I](( t0 - EAaT/L)a3 + EA( a22 + 2a1a3)2L3) (3.27)
C4 = 0 <  *o - EAaT/L)a2 + EAaia2 A ? )  - [F]T [v(kj]
Cj = }  \{ { UQ + EAL(aT)2/2 - tQL2aT)
+ ( tQ - EAaTA)ax + EAaj.2/2L3) - j>]T [x(k)]
For computational purposes the constant C3 is neglected as only the
derivative of the total potential is required,
A flow diagram for the calculation of forces and displacements is 
shown in fig. 3.6.
The preceding theory is applicable to any type of pinpointed assembly 
in which the individual members behave linearly and can also be used
to calculate the behaviour of prestressed cable nets if the following
assumptions are made:
a) The cables cannot resist bending.
b) The prestressing is of sufficient magnitude to ensure linear ela­
stic behaviour of the length of the cables between the nodes.
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In chapter 7 it is shown how the method may be used to determine 
the prestressing forces required to give any desired net configura­
tion, which is the reversed of the situation which has existed up 
to the present in which.the prestressing forces has had to be pre­
scribed for a numerical solution to be possible, chapter 2.
CHAPTER U
Investigation of descent methods for minimization of the total
potential energy*
Introduction.
The deformation theory given in chapter 3 is based upon minimization 
of the total potential energy in the direction of the steepest de­
scent. yhe disadvantage of this method is that it converges only 
slowly towards the minimum. It was, however preferred to other methods 
two of which are referred to in chapter 8, because it is a stable 
process and requires less storage space and can consequently handle 
larger assemblies than any other method.
To speed up the method sufficiently .to be practical a great deal of 
experimental computation had to be carried out. The main difficulty 
in attempting to improve on the rate of convergency is that the 
descent to the minimum takes place -on a order n-dimensional • 
surface, where n is equal to three times the number of internal joints 
This surface can neither be visulized nor is it possible to plot.
Only for a two-dimensional frame with one joint is it possible to 
construct the total potential surface in physical space. An example 
is shown by Hoff (15) p. 150.
Initially the deformation.method was programmed in auto-code for 
I.C.T.’s electronic computer ’’Sirius” and the analysis of the be­
haviour of nets given in chapter 6 was carried out on that machine. 
Because ’’Sirius” is a relatively slow computer the experimental work
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described in this chapter became first possible by virtue of access 
to an Elliott 503 electronic computer# For this machine the defor­
mation theory was programmed in Algol# The relative speeds of "Sims” 
and the Elliott 503- for the two programmes are approximately 1 : 130. 
For a cable net with 35 joints and 82 links the time per iteration 
using the Elliott 503 is approximately 3 sec#
4-.2 The experimental net.
The computational experiments were carried out on a cable net of the 
dimensions shown in fig. 4. 1 having 7 suspension cables and 5 pre­
stressing cables. The type of cables used for the purpose of the 
calculations and the experimental work described in chapter 5 was 
a stainless steel rope having 49 strands, an effective cross-sectional 
area of 0.00178 in2 and an equivalent value of Young's modulus of 
13.4- 106xlbf/in*. .
The initial forces in the suspension cables and prestressing cables 
were 20 and 10 lbf/in respectively. The Z-coordinates for the initial 
configuration was calculated usirig equation (2.18)^ The coordinates 
are given in table 4-1 below.
Table 4—1 
Z - coordinates (inches)
0.000 . 0.000 0.000 0.000 0.000 0.000 0.000
7.000 5.675 4.982 4.765 4.982 5.675 7.000
12.000 10.088 9.010 8.662 9.010 10.088 12.000
15.000 12.835 11.578 11.167 11.578 12.835 15.000
16.000 13.764 . 12.456 12.026 12.456 13.764 16.000
15.000 12.835 11.578 11.167 11.578 12.835 15.000
12.000 10.088 9.010 8.662 9.010 10.088 12.000
7.000 5.675 4.982 4.765 4.982 5.675 7.000
0.000 0.000 0.000 0,000 ' . 0.000 0.000 0.000
The applied load was unless otherwise stated assumed to be 1 lbf/joint. 
The numbering of links and joints is given in fig. 5.8.
Calculation of - the step length S.
The deformation theory in chapter 3 assumes that the step length S 
for each iteration is found by determining the point on the total 
potential surface in the direction of the steepest descent where the 
total potential is a minimum. Since the total potential is given byt 
W = C-jS* + C2S3 + C3S2 + C^S + C5 (3.18)
this involves solving the cubic equation
AOjS3 + 3C2S2 + 2C3S + = 0 (3.19)
Equation (3.19) may have either
a) one real and two complex roots or, .
b) three real roots.
Since the total potential surface for a net cannot be visualized it 
is useful for purposes of illustration toconsider the shape of the to­
tal potential diagram for the simple pinpointed link assembly loaded 
as shown in fig. 4.2a.
For a certain magnitude of the applied load F the assembly will be 
in stable equilibrium, taking up the configuration marked (1). If 
with the force F in position the joint C is forced further down an 
unstable equilibrium position will be found as shown by position (2), 
and if C is forced still further a ” snap through” will take place when 
the links and force F will take up a third position marked (3) in which 
the system will again assume a geometry of stable equilibrium. The
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corresponding potential diagram is sketched in fig. 4-.2b from which it 
can be seen that for the case drawn the cubical equation would yield 
three real roots corresponding to the three positions of equilibrium 
already mentioned, and which are given in the diagram by the points 
where the gradient of the U-curve is equal to the slope of the line 
representing the work done by the,external force F acting on the 
system.
rf
Equation 3.19 will have one real and two complex toots, either if the 
magnitude of F is such that a "snap through" takes place without 
applying any additional force, as in fig. 4-#2c, or if the geometry 
of the assembly is such that no "snap'through" position exists.’
M&llman (2) has proved that for a given loading a cable net with anti- 
clastic curvature can only take up one position of stable equilibrium, 
from which it may be concluded that the total potential surface can 
have only one position where the.total potential is a minimum.
If a net has an initial configuration such that equation 3.1$ has 3 
real roots we can conclude that since at’the beginning of the step 
we are descending, the first root Will be the step length down to the
bottom of a valley which will lead down to the point of the surface
r<
where the total potential is a minimum. The second root gives the 
length to the top of the hill on the other side of this valley, and 
the third root will determine the position of the bottom of a. valley 
on the other side of the hill. The latter may be an entirely separate 
valley with its own minimum representing the equilibrium position 
of the net following a forced "snap through" position as in the case 
of the illustration of the simple link assembly, or it could be another 
valley leading down to the same minimum as the first one, or it could
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be a continuance of the first valley if this is 'S' shaped# For 
nets with anti-clastic curvature it is not possible to envisage 
a shape for which a "snap through" is possible, in which case there 
will either be one or several valleys leading down to the same mini-- 
mum# If the total potential surface consists of one valley only it 
is possible to solve equation (3*19) by reducing it to the form
x3 + ax + b = 0 
where x = S + C2 /3C^
for which Cardan (17) has given the solution
x = ^ (-b/2 ? v/(b*A + a3/27)) + ^ (-b/2 - V ( b * A  + a}/27))
For the experimental net this method of solving the cubic equation 
failed since during the iteration ; (b/2)5v:+ (a/3)3 4. 0 yielding 
the information that the total potential surface for this net had 
either an ’S' shape or consisted of several valleys leading down to 
the minimum total potential#
Since it is not possible to visualise the shape of the total otential 
surface, it is better to use a method of solution which automatically 
chooses the nearest minimum in the direction of the steepest gradient. 
For this, Newton's approximation formula is most suitable as it does 
not require the selection of the correct root as long as the starting 
value of S in the approximation procedure, is set to zero#
If in this procedure is the value of S at the (k+l)^ *1 iteration,
we have*
4Cxy  * 30,8/ + 2G3S„ ♦ Cu
8, = S ---- — ------------------ =1 (Ail)
' V
' ■ le. 12&JS z + 6C2S + 2C3
To examine the degree of accuracy to which S should be calculated, 
let A  = the resultant displacement in the configuration space on 
which the total potential is defined of all joints in a 
net when the total potential.is a minimum, 
and & A =  the resultant improvement in all joint displacements during 
any one iteration.
Z — ijbw/dx^ T Jdw/<3 x^ |
=;s
i.e. the step length is the resultant vector of the displacement 
improvement vector Sv at each iteration. • If k is the number of steps • 
required to reach the minimum total- potential, it follows that
C — / \  /\r
average
For the experimental cable net loaded with 1 lbf/joint, A  = 0.0226 in 
and k = 2217 (section 4-.4), which gives Saverage = 0.00001 in.
Thus this value indicates the order of accuracy th which S must be 
calculated. For all the nets calculated so far, however, it has been 
found that sufficient accuracy has been achieved after only one 
iteration using equation (4.1). This is fortunate since for any 
particular net the order of accuracy to which S should be determined 
would be difficult to assess in advance.
Experimental work on the method of steepest descent.
The displacements of the joints and the forces in the cable links 
were first calculated for three intensities of loading. Each case 
was minimized until the value of the norm E for the out-of-balance
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forces (equation 3.16) was reduced to 1% of its initial value. This 
was considered sufficiently accurate for practical purposes.
The number of iterations and time taken for each case are given 
in table 4-. 2 below.
Table 4.2
Load/joint No. of iterations Time taken (approx.)
1 lbf 2217 1 hr 50 min
5 " 2168 1 4$ "
10 7 2614 2 " 10 "
For the load intensity of 1 lbf/joint the.change in the values of 
R and the total potential ( conveniently reckoned from a zero origin 
given by the initial strain energy ) viz. W - £ U 0, during the first 
100 iterations are shown in fig. 4-.3. As can be seen, the rate of 
convergence reduces quickly, and after 100 iterations is very slow 
indeed.
Since the magnitude of the step length is determined by the point 
at which it grazes a contour line it follows that only the initial 
direction of each step is in the direction of the steepest descent 
and also that each subsequent step is orthogonal to the previous 
one. The result is an oc.illating movement towards the minimum with 
a gradually reducing amplitude.
To reduce the number of iterations a series of calculations was 
carried out during which is was attempted to follow more closely 
the true direction of the steepest descent towards the minimum.
This was achieved by multyplying the value of the step length S
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by a relaxation factor K where 0^K<1.0. The smaller the chosen 
value of K the more closely the path will follow that of the true 
steepest descent.
The effect of K was found from the results of the following calcu­
lations. First the net already defined, loaded with 1 lbf/joint, 
was solved using a value for K of 0.75* For purposes of comparison 
with other values of K, the correct geometry for stable equilibrium 
was considered found when R was reduced to 0.0005 lbf. This is of 
course much more accurate than required for practical applications. 
The result of this calculation is given in table 4.3 where the numbe­
ring of links and joints is as given in fig. 6.1.
The same-load case was then solved for the following 21 values of Ks
For each of the above values the calculation was also repeated with 
K =.1.0 for: 1 step in 2, 1 step in 3> 1 step in 4> 1 step in 5.
To ensure the same degree of geometrical similarity each case was 
minimized until
The results of these calculations are shown in figures 4*4 to 4.8. 
The change in R and (W — 5^U0 ) for the best case, viz. when K = 0.6 
for 3 steps in 4 is shown in fig. 4.9.
0.025, 0.05 (0.05) 1.00
where |xgJ = displacement vector for R = 0.0005 lbf
anh [xk] = displacement vector after the k ^  iteration
Conclusions regarding the use of the method of steepest descent
as used in the gradient method of analysis
The computational experiment carried out showed that it is possible 
to locate the minimum total potential for a non-rigid assembly using 
the method of steepest descent. The rate of convergence using this 
method was as expected slow. Itwas, however, considerably improved 
by using a reduced step length.
The computational experiment also showed that the optimum value of 
the relaxation factor varies with the applied load (fig. 4.6) in 
such a menner that it can not be predicted in advance •
A further computational experiment, the results of which are not in­
cluded, also showed that the optimum value of K varies with the 
nature of the net.
i
If the relaxation factor is used not less than twice out of every 
three iterations it appears that for values of K between 0.3 and 
0.9 the number of iterations is reduced to any where between 5% 
and 25% of those required using the full step length.
From the calculations of all the nets analysed so far it appears that 
the value of S is sufficiently accurately calculated by applying 
Newton’s approximation formula once only for each step.
Since the number of iterations required to reach a solution did 
not greatly increase when using small values of K, thereby following 
more closely the true path of the steepest descent, it appeared 
reasonable to attempt to reduce the number of iterations and the total 
computer time by moving down the total potential surface in a series
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of curved steps.
In the following section an account is given of Gill’s version of 
the Runge-Kutta method which has been experimented with for this 
purpose.
4.6 Integration along the oath of true steepest descent using the 
; Runge-Kutta method with Gill's coefficients
In the following, Gill’s version of the fourth-order Runge-Kutta 
method (20) for integrating a system of first order ordinary diffe-r 
rential equations is used to minimize the total potential. This 
method is a step by step process which attempts to follow the path 
of the true steepest descent.
In table 4-4- are set out the expressions for Gill’s coefficients as 
used to calculate the change in displacement x when proceeding a 
distance h along a path perpendicular to the ,equipotential contours. 
Because of truncation errors the process will in fact not follow, 
this path exactly. If the descent takes place in a very deep and 
narrow valley where the sides are very steep these,errors could 
seriously affect the efficiency of the method.
The greatest disadvantage of the method is that unless one has a 
very good knowledge of the magnitude of the total displacement of 
. a particular net it is virtually impossible to choose a value of h 
large enough to ensure a satisfactory rate of convergence and at 
the same time one which is not so large that the method diverges.
In fig, 4-10 is shown the rate of convergence for different values 
of h. As can be seen the method changes from being convergent to
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divergent for only a very small change in the value of h.
For h = 0.0008, 1306 iterations were required before the root mean 
square value of the .applied forces was reduced to 1%.
Since the efficiency of the method is critically dependent on the 
value of h-it would appear advantageous to estimate the optimum step 
length at each step of the integration process. To calculate the 
optimum average step length along the path of the true'steepest de­
scent is not possible since this is a function of the total displace­
ment. A conservative estimate of the optimal value for h can be 
assumed to be the corresponding value of S as calculated by . the 
method of steepest descent. In this way it was thought that even 
though the value of h was constrained to be the same as S, each
successive step would be in a better direction than, in the steepest
*
descent method and would thus result in a larger average value of 
S and consequently a smaller total number of steps. This proved to 
be so. The number of iterations taken to solve the experimental net 
and the time taken is shown in table 4*5 below where a comparison is 
made with the corresponding values for the method of steepest descent, 
and with the Runge-Kutta method with h = 0.0008.
Table 4*5
. Method No. of Time taken Time per
iterations iteration
Steepest descent 2217 . 1 hr 50 min , 2.9 sec
Runge-Kutta (h=0.0008) 1306 1 hr 3& min A«5 sec
Runge-Kutta and 1248 2 hr 30 min 7.2 sec
steepest descent
By introducing a relaxation factor K and putting h = KS ( where 
K was varied from 0*05 to 0.95 in steps of 0.05 ) in 3 out of every 
4 iterations it was found that the total number of iterations was 
considerably reduced. In fig, 4.11 is shown the variation of the 
iterations with K for this case. On the same graph is also shown 
the corresponding performance using the method of steepest descent. 
Since it was thought possible that rounding off errors might be 
affecting the efficiency of the Runge-Kutta method this program 
was also run on the electronic computer "Atlas” which works to about 
11 significant figures as compared with between 8 and 9 significant 
figures for the Elliott 503* No improvement was, however, achieved.
The number of iterations when running the programme on "Atlas” was 
1255 as compared with 124& for the Elliott 503* The time taken per 
iteration for the two macines was 1.09 sec and 7.2 sec respectively.
Conclusions regarding the use of the Runge-Kutta method for locating 
the minimum total potential
The solution of the experimental net using the Runge-Kutta method 
shows that the method will minimize the total potential of a loaded 
prestressed link assembly provided a value of the step length h is 
found for which the process will converge. The value of h for any 
particular case depends upon the total potential surface and can 
only be found by trial and error.
The Runge-Kutta method can be made automatically convergent if at 
each iteration the value of h is put equal to the step length as 
calculated in the method of steepest descent. In table 4*5 are shown
the number of iterations and time taken to solve the experimental 
net by the method of steepest descent, the Runge-Kutta method and 
the combined steepest descent and Runge-Kutta method. It can be 
seen that in terms of iterations both versions of.the Runge-Kutta 
method converge faster than the method of the steepest descent. - 
In terms of time taken, however, they are both slower if determina­
tion of the value of h in the first version of the Runge-Kutta method 
is taken into account.
The use of a reduced value of h, i.e. h = KS, in the combined 
steepest descent and Runge-Kutta method reduced the number of itera­
tions to between 9% and of that using the full value of S for 
each step. On the average, in terms of iterations, for values of 
K between 0.4 and 0.9, this method converged for the particular case 
solved faster than the relaxed method of steepest descent. However, 
because of the greater time taken per iteration it still proved 
slower in terms of overall time consumed.
In the remainder of this work, therefore, the relaxed method of steepest 
descent is used.
Whether or not the Runge-Kutta method will prove to be more efficient 
for other configurations can only be decided by further experimental • 
computation. It is also possible that the total effort of the method . 
could be reduced if a single, step estimate is made of the amount the 
Runge-Kutta path deviates from that of the true steepest descent path 
. (.see Scraton (28)). This has not been attempted so far. It has been 
pointed out by Curtis (9) that Scraton*s metod is of the fifth order 
only when applied.to a single first order differential equation.
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4.S Characteristic properties of the total potential surface
The fluctuation in the value of R, the root mean square of the gra­
dient vectors, during the descent to the minimum as shown in figs*
4*3 and 4*9 was also exhibited when using the Runge-Kutta method 
of solution*
The fluctuation indicates that the sides of the valleys are ripple 
or wave formed as illustrated for a one-dimensional case in fig* A. 12. .
Fig. 4*12
On such a surface we have positive, definite regions as between A 
and B and non positive definite regions as between B and C, seperated 
by inflection points at A, B, C,...
For the general case, if
x = the displacement vector for the assembly and
K = the Hessian matrix
d*± dyj
then for the positive definite regions we have
xTKx > 0 for all x
and for the non definite regions
T
x Kx < 0 for some x
At the boundary between two such regions we must have
xTKx = 0
for every displacement along the boundary
This means that | K | = 0  and hence that the matrix K is singular 
and can not be inverted since we know that the minimum is located 
in a positive definite region.
This again means that the Newton-Raphson method as attempted by 
MBllman (21) and Siev (31) will only cross the boundary into this 
region accidentally, due to rounding errors and neglect-of higher 
order terms, thus explaining -the lack of success using this method 
of approach. '
It is thought that the sudden increases in the values of R are due 
to the fact that the corresponding improvements in the displacement 
vector take place mainly in the direction of the mechanical freedom 
of the assembly. This emphsizes the importance of distinguishing 
between structures and structural mechanisms before deciding upon 
a method of analysis.
6 A
CHAPTER 5 
Model design and Experimental work
5.1 Object
The object of the experimental work described in this chapter 
can be summarised as-follows:
a) To gain experience in the design of prestressed cable net models,
b) To demonstrate that the problem has an unique solution,
c) To find out to what extent the bending stiffness of the cables
and the size of the clamps affects the over-all-stiffness of the net.
The development of design methods for cable net models at this stage
is considered to be important since the -stiffening effect of roof cladding 
will almost certainly require experimental as well as theoretical treat­
ment. Unless models can be made in which the net itself behaves 
in accordance with the theory already developed, any further testing 
into the effect of roof cladding is not likely to yield information 
which can be usefully applied.
5.2 Apparatus ■
5.2.1 General
Since experience has shown that it is extremely difficult to erect 
cable nets accurately according to a pre-calculated geometry, it 
was decided to test a flat net as well as a curved one. The con­
figuration of the first net can be erected more accurately and
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with less difficulties than the second one and consequently the 
results obtained from tests of a flat net can be compared more 
readily with theoretical values. The effects of the size of the 
clamps and the bending stiffness of the cables were -therefore only 
investigated by testing a flat net.
A description of the apparatus used is given in sections 5*2.2 and 
5*2.3 below.
5.2.2 Cable net frame
The drawings of the frame which formed the boundary of the cable
nets is shown in fig. 5*1* It consists of a lower rectangle
in long and 32 in wide made from 5 in x 2 'in channel sections
and an upper rectangle made from 2 in x 2 in angle sections, the
two frames being kept apart by two 1/2 in thick steel plates
bolted to the sections at the shorter sides of the rectangles.
Two additional 1/2 in steel plates are bolted along the longer sides
of the lower rectangle. All four steel plates have machined seats
for the end fixings of the cables, these seats being positioned to 
+
- 0.01 in. As may be seen from the drawing, the seats for the 
end fixings are positioned so as to form anchorage points for cables 
in a flat net as well as for the cables in a doubly curved net where 
the ends of the suspension cables lie on a parabola having a rise 
of 16 in.
The cable net frame was deliberately made very stiff to avoid any
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possibility of the frame deformation being comparable with the 
deformation of the nets during loading*
5.2*3 Cables and prestressing apparatus
Both suspension and prestressing cables were made from 1/16 in 
. diameter, 49 strand, high tensile steel cables.- The force/ 
elongation curve obtained from a tensile test of the cable is 
given in fig. 5*2. The "equivalent11 value of Young’s modulus as 
calculated from the graph, ignoring the intitial slightly non-
4
linear behaviour, was 13*4 x 106lbf/in2.
At the net boundaries the cables passed through 1/2 in roller 
bearings. Prestressing was achieved by continuing the cables over 
pulleys and attaching their ends to turn screws which were screwed into 
lever arms. The intensity of prestress was determined by means 
of moveable weight riders on the lever arms. , After prestressing, 
the cables were clamped by tightening the grub screws fitted into 
the rollers, thereby permitting the cables- to take up different 
angular positions. -
The lever arms were made from 1 1/4 in x 1/4 in bright mild steel 
and the pivots from 3/4 in over all diameter ball bearings. Before 
use, the bearings both in the pulleys and the lever arms were thoroughly 
washed in petrol and then lubricated with thin oil to reduce friction 
to a minimum. Horizontal positioning of each lever arm for con­
sistent reading was ensured by attaching a 3 in spirit level to each 
lever arm as shown. . The distance between the centre lines of the 
turnscrews and the pivots were approximately 1 in. Details of the
lever arm assembly are shown in fig. 5.3* ' .
Each lever arm assembly with pulley was individually calibrated 
by attaching the lever arm assembly and pulley to a rig made from 
angle irons. The pulley was positioned above the lever arm assembly 
so that the cable when attached to the turnscrew and passing over the 
pulley was vertical. The calibration of each lever arm was then 
carried out by attaching loads to the free ends of the cable first in 
increasing and then in decreasing steps of 10 lbf. For the suspension 
cable lever arms the calibrated load range was from 60 to 200 lbf.
For the prestressing lever arms two scales were used, one on each 
side of the lever arm, one from 10 to 70 lbf and one from 40 to 160 lbf. 
The above three load ranges required 7, 2 and 6 lbf respectively to be 
added to the weight riders. For each load increment the position 
of the weight rider was marked off with a scriber when the lever 
arm was in a horizontal position.
Photographs of the assembled apparatus are shown in figures 5-4 and 
5*5 from which can be seen the positioning of the lever arms on the . 
supporting frame.'
At the intersection points the cables were held together with clamps 
made from two pieces of mild steel strip 3/8 in wide by 5/8 in long.
The clamping force was provided by tightening up two screws 3/8 in 
apart as shown in fig.■5.1*
The erection of the cable nets
Two different nets were tested, a flat net and a doubly curved net.
Both nets were 48 in x 32 in in plan and had 7 cables lengthwise and
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5 cables crosswise with a spacing of 4- in and 8 in respectively.
The intensity of prestress was chosen such that the cables would 
behave linearly when taking into account the self weight of the 
cables.
Linear behaviour will occur when the prestrain is approximately 
0.55&cor more, Hussey (16), The minimum prestressing force for 
the cables used in the model is therefore given
E A d l  e.
p = = 13.4. 106 0.00178 0.0005 = 11.9 lbf
For the flat net, the minimum prestressing force was chosen as 
40 lbf and for the' doubly curved net, 16,37 lbf
5.3.1 Erection of the flat cable net
The prestressing forces used in the flat cable net.were 20 lbf/in 
in the 7 longitudinal cables and 10 lbf/in in the 5 transverse cables* 
The correct position of the lever arms for the required intensity 
of prestress was ensured by the use of spirit levels attached to the 
lever arms. The correct position of the cables relative to each 
other was checked by the use^’ of a scale. With the cables and the 
lever arms in the correct position, the cables were clamped at their 
points of intersection. The erected net is shown in figs, 5*4- 
and 5,6,
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5,3,2 Erection of cable net with parabolic boundaries along two sides
The doubly curved net proved to be considerably more difficult to 
erect than the flat net. It was found necessary to reduce the forces 
, in the suspension and prestressing cables to 8 lbf/in and U lbf/in 
respectively as otherwise it proved impossible to position the cables, 
which tend to slide towards the centre when prestressed.
Before placing the cables, the positions of the pulleys were cal­
culated and clamped to the steel plates so that the lines of the 
cable links next to the boundaries, when produced, would form 
tangents to the pulleywWheels, To avoid wastage of cable and to 
facilitate the erection, the length of each cable was calculated 
from the configuration of. the net. To this length was added the 
required length down to the turnscrews The weight riders on each 
lever arm were set to the prescribed prestressing forces and the lever 
arms adjusted to horizontal positions. The intersection points 
were then clamped in the correct positions by the use of plumb lines 
hanging from the mesh points of the rectangular grid plan projection 
marked on a prospect plate supported on the top of the frame as shown 
in fig. 5.7, The first joint to be clamped was the central one 
and subsequent clamping was carried out by working symmetrically 
with reference to this joint. As the positioning and clamping of 
the joints progressed it was found necessary repeatedly to adjust the 
turnscrews to keep the lever arms horizontal. When all the clamps 
had been placed, it was found that some of the joints had to be re­
positioned to coincide with the grid marked out on the prospect plate.
Finally the cables were clamped at the boundaries by tightening up . ■ 
the alien screws in the roller bearings.
The vertical coordinates of the joints were measured with a rule 
using the prospect plate as a reference plane. The accurate posi­
tions of the intersecting lines of the cables had to be estimated 
due to the size of the clamps. Attempts to secure the- joints by 
tying the cables together'with steel wire and thus providing smaller 
clamps proved unsuccessful as it was not possible to provide 
sufficient clamping force to prevent the cables from sliding.
The calculated and measured vertical coordinates and the percentage 
difference of the measured coordinates with respect to the 
theoretical ones are given in table 5*1* The numbering of links 
and joints is given in fig. 5*8.
5.4 Displacements and forces in cable nets subjected to single point loads
5#4»1 General
When the nets were first loaded, it was found that the clamping
forces provided by the grub scews were not sufficient to prevent 
the cables from sliding through the roller bearings and extra 
clamps of the same type as used to clamp the joints were fixed on
to the cables next to the roller bearings. To provide additional
friction these clamps were grooved. Also it was found'that the 
grub scews tended to cut the strands in the cables and they were 
therefore only slightly tightened to define the boundaries of the nets. 
When clamping the- cables, a special tool was used’ to keep the rollers
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firmly in their seats. Unfortunately, perfect contact was not
• always possible because of inaccurate machining.
The loading consisting of 1 lbf weights, was applied to the net by 
a load carrier. In the case of centrally applied loading, the load 
carrier was supported by a brass hook screwed into the clamp and 
in the Ccase of a non-symmetrically applied loading, by a piece 
of flex.
. All displacements were measured by dial guages, the plungers of which 
were attached to jthe joints by lengths of thin thread and placed a 
long distance away from the respective joints so that displacements in 
planes perpendicular, to the threads should not affect the readings.
For most joints, threads 10 in long were found to be sufficient 
(section 5.4«2). The placing of dial guages for measuring the 
vertical deflections of the joints for the flat and curved net is 
shown in figs. 5.6 and 5.9 respectively. In the latter figure is 
also shown the positioning of dial gauges on magnetic stands to read 
displacements in the horizontal plane.
The forces in the cables were only measured at the boundaries. The 
procedure was as follows. For a given load, the vertical deflections' 
of the central joint’ of the net and the central joint of the cable, 
the boundary force of which was required, were measured. The clamp 
at the boundary for the cable in question was then released and the 
weight rider on the lever arm moved until the readings of the two dial 
gauges were brought back to what they were before the cable was released.
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5.4.2 Correction formula for dial gauge readings
In fig 5.10 let J1 and G1 be the initial positions of .a joint and 
the end of a dial gauge plunger repeqtively. Now let the joint be 
displaced to J2 with the corresponding position of the end of the 
dial gauge plunger at G2. The error introduced in the reading
C
of the displacement xQ is then given by ex
where ev = i -x.x o i
. and.'x1 is the actual displacement in the X - direction.
From the geometrical properties of the circle we have
e * h = h j (2r - e )
X ' X x 7
where h = (y2 + z2) is the total displacement of the joint
perpendicular to line J1 - G1 and rx is the length of the connecting 
thread.
Hence ex = rx - - h2)
h2 ,
ex -  rx " (rx " 2rx
®x ( 5 a )
For joints where the x, y and.z displacements are equal or less than 
0.1 in the error introduced by choosing rx = 10 in is given by
ex = 0,12xl6-  = °-001 in
Since for all joints except one, see section 5.4*4*2, the displacements 
were all less than 0.1 in lengths of thread of 10 in gave sufficiently 
accurately readings without correction.
5.4*3 Testing of the flat cable net
The flat, net was tested for an increasing and decreasing load at the
central joint (joint. 18) in steps of 2 lbf up to.a maximum of 16 lbf.• «
For each increment the vertical deflection of each joint was measured. 
Afterwards, the forces in the cable links next to the boundaries 
were measured -for the same load increments. No attempt was made to 
measure the horizontal displacements because of their smallness.
The theoretical displacement values for 16 lbf at joint 18 are given 
in table 5*2.
The degree of non-symmetrical behaviour of the net can be seen in 
table 5*3 where all joints symmetrically placed are grouped together 
in the first column. The mean vertical deflections for 16 lbf at 
joint 18 are given in the second column, the percentage deviation 
from the mean deflection for each joint in the third column and the 
theoretical values in the last column.
The theoretical and mean experimental values of the vertical deflec­
tions are shown in figs. 5*11 to 5*14* • The corresponding curves 
for the forces in the links are shown in figs 5*15 and 5*16.
A diagram showing the net displacement due to a load of 16 lbf at 
joint 18 is given in fig. 5*17* <
. To see how the size of the clamps affected the magnitude of the 
displacements, they were removed and the cables clamped together with 
thin steel wire. With the cables clamped together in this way, the 
net was subjected to thesame form of loading as before and the de­
flections of all joints measured. In table 5*4 are given the
theoretical deflections, the mean experimental .deflections 
using the large and small clamps and the percentage experi­
mental difference from the theoretical values for the maxi­
mum applied load.
5.4.4 Testing of the doubly curved cable net
The doubly curved cable net was tested for the following two 
cases of loading:
a) Increasing concentrated load at joint 18, i.e. 
a symmetrically applied load
b) Increasing concentrated load at joint 13, i.e. 
a non symmetrically applied load
5.4*4*1 Concentrated load at joint 18
The load was applied by a load carrier to a brass hook screwed 
into the clamp at the central joint.
The net was loaded and unloaded in steps of 2 lbf, the maximum 
applied, load by 20 lbf.
The x and z-deflections were measured for all joints. The 
y-deflections were measured only for the joints-on the central 
suspension cable since for all the other joints the deflections 
in this direction were too small to measure accurately. .The 
values of the theoretical deflections for a load of 20 lbf at 
joint 18 are given in table 5*5*
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The degree of symmetrical behaviour of the cable net in the 
X , I and Z-directions is shown in tables 5.6, 5.7 and 5.8, 
respectively. In figures 5.18 to 5.24- are shown the experi­
mental and theoretical variations of the displacements with 
increasing load. The experimental values are the mean values 
of the x, y or z-displacements for the correspondingly symmetrically 
placed joints.
In figs. 5.25 to 5.27 are shown the variations of the forces 
in the links next to the boundaries with increasing load.
5.4-*^ .2 Concentrated load at joint 13
As in the previous case the net was loaded and unloaded in steps 
of 2 lbf, the maximum load being 20 lbf. For this case, only • 
a few of.the displacements in addition to the force in the end 
link of the suspension cable carrying the load were measured.
No attempt was made to find the mean values of the displacements 
by applying the loading to joints 9 , 23 and 27.
At joint 13, the magnitude of the x and z-displacements were such
as to affect the dial gauge readings in the other two directions.
The readings of the x, y and z-displacements were therefore adjusted 
using equation 5.1 to take into account the movements of the,joint, 
in planes perpendicular to each of the three directions.
In table 5.9 is shown the systematic- correction-of^the measured 
displacements of joint 13 for the maximunr'applied load of 20 lbf.
The theoretical and experimental curves for the displacements and 
forces are shown in figs. 5.28 to 5.33.
The theoretical displacement curves constructed for the doubly- 
curved net are based on the calculated geometry and do not allow 
for errors introduced during the erection of the net. This was 
done deliberately to see how much the experimental readings would 
differ from the theoretically calculated values.
5.5 Conclusions
5.5.1 Initial configuration of net
The values of the vertical coordinates as measured on the doubly . 
curved net show that in spite of thecare taken in the design of the 
frame and in the erection of the net itself, it was not possible to 
construct a net the geometry of which was exactly as calculated.
It can be seen from table 5*1 that the accuracy was generally better 
than 5%,
Since the equilibrium configuration for the "theoretically calculated 
net had been carefully checked and the dimensions of the frame and . 
the end fixing points of the cables were as specified, the discrepancy 
must be due to the inaccuracy of the prestressing devices and the 
method of erection of the net itself. Also since each, lever arm 
together with its weight rider and pulley had been individually 
calibrated it is felt that the main cause of the discrepancy is due 
to the method of erection, during which process the clamps are 
positioned after the prestress is applied. If the clamps could have 
. been accurately attached to the cables beforehand a closer agreement 
between theoretical and experimental values of the coordinates might
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have been achieved. With the type of cables used, however, this was 
not possible. It is, however, quite clear to the author that for 
future investigation into the stiffening effect of roof cladding more 
useful information is likely to be gained if a larger model is used 
in which the cable clamps can be accurately positioned before' the net 
itself is erected.
5.5*2 Deformation of flat net :
The testing of the flat net shows that both the vertical displace­
ments and the forces in thecable links next to the boundaries follow 
closely the theoretical calculated values.
Using the clamps shown in figure 5.1 the average experimental 
difference of the deflections from the theoretical calculated values 
for a load of 20 lbf at joint 18 was 8.4$. The greatest difference 
. between theoretical and experimental values occurred as expected in 
the joints next to the boundaries. If the readings for these joints 
are excluded, the mean absolute deviation for the remaining joints 
would be 3*5%* The corresponding values for the case when the cable 
joints were clamped together with thin wire were 6.1% and 2.6%, 
showing quite clearly that the larger clamps tend to stiffen the net. 
The forces in the cable links next to the boundary follow the 
theoretical values even more accurately than- the vertical displace­
ments. When measuring the forces in links 41, 47, 53 and 59, it was 
found that the weight rider could be moved approximately 1/16 in to
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either side of the theoretical values, which were marked off on 
the lever arms, without affecting the readings of the dial gauges 
or displacing the air bubbles in the spirit levels. This lack 
of sensitivity was no doubt due to the increase of the friction in 
the bearings in the higher prestressing range and may also have caused 
minor inaccuracies in the initial prestressing.
The most important factors causing the difference between theoretical 
and experimental values are considered to be
a) the bending stiffness of the cables and clamps '
b) lack of sensitivity in the prestressing system 
due to friction.
A minor source of error might be that the anchorage points of the cables-
along all the four sides of the rectangle were in the same plane and
did not allow for1 the thickness of the-cables. '
5*5*3 Deformation of curved nets
The testing of the doubly curved net showed again that the experimental 
values follow the theoretical curves, but not so closely as in the 
case of the flat net. This was to be expected as it was not possible 
to erect the doubly curved net as accurately as the flat one.
Repeated application of the loading both at the central joint and 
at joint 13 yielded the same displacement pattern, thus demonstrating 
the uniqueness of the solution.
The effect of the slight non-linear force extension curve of the steel 
cable in the lower load range could be taken into account theoretically . 
for each link and for each iteration by interpolating the correct
value of Young's modulus. This has not been done since the effect 
is likely to be small and also because it would considerably slow 
down the iterative process of minimisation.
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CHAPTER 6
I
Study of the behaviour of small saddle-shaped nets sub.jected to
uniformly distributed loading
Types of net analysed
In chapter 1 it was pointed out that one of the difficulties 
in designing prestressed cable nets is to achieve sufficient, 
stiffness without greatly increasing the cost of the foundations and 
boundary members.
To find out how stiffness and load bearing capacity may be achieved 
at a minimum cost, the theory based on the minimisation of the 
total potential was used to calculate the displacements and forces 
in thecables for a series of small saddle-shaped nets assumed to 
have rigid boundaries and to be subjectcto uniformly distributed 
loading. All nets had the same type and number of suspension and 
prestressing cables and covered the same rectangular area as the nets 
tested and described in chapter 5 
The following parameters were varied:
'a) Intensity of prestress
b) Curvature
c) Self-weight of net
The change in curvature was achieved by varying the height of rise 
H of the parabolas forming the boundaries at both ends, and the 
change in the self-weight of the nets by applying equal loads at 
each joint when calculating the initial configurations.
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The type of net analysed with the numbering of links and joints and 
the system of coordinate axes used in the analysis is shown in 
fig 6,1. The different cases solved are shown in tables 6.1 
and 6.2. The ratio of the prestressing forces in the suspension 
and prestressing cables as defined by t^/tx was for each case taken 
to be 2.0. From fig. 6.2 it can be seen that doubling this ratio 
will only increase the height at the centre of the net by 15%»
This is an important point to bear in mind when trying to keep the 
over-all cost down to a minimum.
The results of the calculations of the different nets was used to 
. find, the effect of the above parameters on 
' a) Stiffness and
b) Load bearing capacity 
to show how they influence the size and hence the cost of the edge 
members and the foundations•
Load bearing capacity or critical.loading is defined as the live 
load which will reduce the tension in any part of 'the cable net to
*
zero.
Graphs and diagrams
The displacement curves in the X, I and Z-directions, the variation 
of the forces in the cable links and diagrams showing the displaced 
nets assuming zero self-weight of the cables are shown in
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figs. 6.3 to 6.93.*
The graphs show that for all cases solved, joint 1 was subjected to 
the greatest displacement. The effect of pre-stressing has there­
fore been discussed with reference to this joint. Figs. 6.94, 6.95, 
6.96 and 6.97 shows how the stiffness of joint 1 varies with the 
increase of prestress. The intensity of live load applied in each 
of the four graphs is jbhe greatest unit load which can be carried 
at each joint at the lowest intensity of prestress for each of the 
four values of H in table 6.1 without causing any of the cable links 
to go slack.
Figs. 6.98, 6.99 and 6.100 show the effects of curvature and self­
weight upon the stiffness of joint 1. The sudden change in direction 
of two of the curves in fig. 6.98 is because the surface of the net 
in the region of joint 1 changes from convex to concave with the in­
creases! self-weight of the nets.
The load bearing-capacity of the different nets for different degrees 
of curvature and intensity of prestress is shown in fig. 6.101.
note: In the case numbers given on each figure the first number
gives the value of H, the second the tension coefficient for the pre­
stressing cables, the third the tension coefficient for the suspension 
cables and the fourth the live load applied to each joint.
Parabolic extrapolation technique
In order to reduce the amount of computer time, the starting 
values of forces and displacements for the second load increment 
was found by linear extrapolation. For each of the subsequent 
load increments parabolic extrapolation was used. This reduced the 
time taken per load case by on the average approximately 75%*
Vhen investigating the behaviour of nets under increasing load, 
this technique is useful since if included in the deformation 
programme it results in considerable time saving.
The use of cubical extrapolation did not prove as efficient as the ' 
use of parabolic- extrapolation.
Conclusions ..
1) The load/deflection curves are non-linear. • On the most 
affected joints equal load increments produce increasingly 
larger displacements. As a result, the roof cladding should 
be as light as possible to reduce the effect of subsequent 
snow loading.
2) The displacement diagrams for all cases tested lead one to 
think that arches placed along the longer sides of the rectangle 
would provide a better displacement pattern.
3) In most cases the force/load curves for the pretension cables 
. are linear or very nearly so. This is not the case for the
. 8 4
suspension cables and it should be noted that the force in 
the central suspension cable tends to decrease for increasing 
loading, except for the cases in which H « 4 in, i.e. for 
the very flat nets
4) Figs. 6.94 to 6.97 show that the effect on stiffness of 
increasing pretensioning decreases rapidly, which is an 
important consideration in the economics of any design.
5) Figs. 6.98, 6.99 and 6.100 show that the effect of increasing - 
the self-weight of the net tends to decrease the stiffness
of the net. Thus for any net the cables should be as light as 
possible.
These graphs also show that the nets with the larger dip/ 
span ratios have the greater resistance to deformation and 
qlso that the stiffness of nets with the greater dip/span ratios 
are less affected by the self-weight of the cables.
6) By increasing the applied load until either one or more of
the cable links went slack, .it was found that for the same 
intensity of prestressing as defined by the magnitude of the 
tension coefficients in the suspension cables, the more highly 
curved roofs had a higher load bearing capacity, (fig. 6.101)
7) The series of nets tested showsd that in general the. flatter ,
nets are more lengthy to solve and also that the forces in the
cables are calculated to within sufficient accuracy in 
1/4 to 1/3 of the number of iterations required for the 
complete solution.
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CHAPTER 7
Configuration of cable nets by the gradient
• • r
C
method of analysis
L Preliminary
In chapter 2 it .was shown how the initial configuration of cable 
nets could be determined by considering the equilibrium of the 
forces at each joint. To solve the system of equations thus 
evolved it was necessary to assume values for the horizontal 
components of the tensile forces in the cables. Since the geometry 
of the nets are a function of the relative magnitude of the pre­
stressing forces, a given configuration can therefore only be 
obtained by trial and error and may often be difficult to achieve •
It would therefore be useful to have an alternative method of approach 
by which the required prestressing forces could be calculated from 
the knowledge of the geometry of the nets.
The most obvious method of analysis is by assuming some values for 
v the forces in the cables, with the applied forces equal to the weight
■
of the cables acting at each joint, and th'en using the gradient method 
given in chapter 3 to adjust the forces in the cables, so that each 
joint is in equilibrium. The initially unbalanced forces at each 
joint will give rise to small changes in the coordinates, which, if 
they are too large to be acceptable can be reduced by a second cal­
culation replacing the assumed forces by those calculated.
In the following, two examples are given where the prestress required 
to produce a given configuration is calculated by the gradient 
method of analysis. In the first example,'five different in­
tensities of prestress were assumed in order to find out if the 
calculated changes in the coordinates and link forces would in­
dicate a systematic method of calculation for the design of a given 
net.
In the second example it is shown that by gradually improving on 
the initially assumed prestressing forces, the change in the co­
ordinates caused by the unbalanced forces can be reduced.
For the purpose of these calculations, both nets were assumed to 
be constructed from stainless steel cables of the type and size used 
in the nets, analysed in. chapters U9 5 and 6.
Cable net with boundary rectangular in plan
Figure 7.1 shows a net having 5 pre stressing cables* and 7 suspen­
sion cables, for which the numbering of links and joints is as shown 
in fig* 6.1 . The heights of the internal joints were calculated 
for a ratio of the tension coefficients in the suspension and pre­
stressing cables of 2:1 and a rise of the end parabolas of 12in.
The rise was then assumed to be changed to the value of 16 in, as 
shown in diagram 7.1. By altering the boundary in this way a 
geometry was achieved in which the forces were not in equilibrium 
Tor the assumed ratio of tension coefficients. The correct 
values of prestressing forces were then calculated for the assumed
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intensities of prestress given below.
Case 1 2 3 4 5
t (lbf/inch). 4.0 6.0 8.0 10.0 12.0
X
ty (lbf/inch) 8.0 12.Oj 16.0* 20.0 24.0
The results of these calculations are given in tables 7.1 to 7.5.
The greatest change in the coordinates occurred in the Z-direction
and fig. 7.2 shows how these changes vary with the assumed intensity
of pre stress. Figs. 7.3, 7.4 and 7.5 show how the calculated 
forces vary with the. assumed- intensity of prestress. As can be 
seen the variation is very nearly linear. This suggests that the 
following method may be adopted to calculate the required prestressing 
forces* for a given geometry and for which the changes in the co­
ordinates are acceptable!
1) Choose a ratio of tension coefficients for the forces in the 
suspension and pre stressing cables.
2). Calculate the prestressing forces for two sets of tension 
coefficients having this ratio.
3) Determine the permissable force for the type of cable used in the 
net. Assume this force to be the one to occur in the most highly
stressed link (link 9 in this example) and extrapolate or interpolate
the corresponding forces in the other links.
4) Use the extrapolated or interpolated forces to calculate a
final set of prestressing forces. Any change in coordinates will 
now be due to forces which are very nearly in equilibrium and will 
therefore be so small that they may be ignored.
7.3 Cable net with boundary circular in plan
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The boundary of this net is defined by the intersection line 
between two inclined planes and a cylinder, the planes them­
selves intersecting along a diameter of the cross-section of • 
the cylinder. The net has 9 suspension and 5 prestressing cables 
suspended in vertical planes. The configuration of the net is 
such that each joint on the different cables lies on a parabola. 
The dimensioned net is shown in fig. 7.6.
The required prestressing forces to give this configuration was 
calculated by assuming initial values of tension coefficients 
in suspension and prestressing cables of 20.0 and 10.0 lbf/inch 
respectively and then recalculating the change in joint coordi­
nates and link forces three times, assuming tension-coefficients 
equal to those calculated in the previous calculation, and each 
time using the given values ofthe coordinates. Each'time the 
position of the minimum total potential was considered reached 
when R was reduced.to less than 0.01 lbf.
The change in coordinates for the most affected joints for each 
of the four approximations are shown in the table below, s
No. of Change in vertical coordinates (inches)
iterations Joint 3 Joint 10 Joint 16 Joint 19
1st approx. -406 0.3350 0.44-68 • 0.3202 0.1830
2nd « 335 0.2007 0.0943 0.0285 -0.1690
3rd « 414- 0.1692 0.0399 0.0230 -0.1974
4-th n 207 0.1329 0.0174 0.0303 -0.1622
Since, as has been shown in chapter 4 (see fig. 4*4) the total 
potential changes most rapidly at the beginning of the iterative 
' process, also since experience has shown that the link forces
settle down more quickly than the displacements a slightly different 
approach was also tried in which the assumed forces were automatically 
replaced by those calculated'after 100, 200, 300 and 400 iterations. 
Each time the calculated changes in the coordinates were put equal 
to zero. This is effectively minimising on four different surfaces 
in the course of one iterative process. The result of this cal­
culation is shown below. The same degree of•improvement is 
achieved as in the previous calculations, but with considerably less 
effort.
No. of. Changes in vertical coordinates
iterations Joint 3, Joint 10 - Joint 16, Joint 19
740 0.1364” 0.0025” 0.0402” -0.1093”
. Attempts to repeat the above process for every iteration and .thu.s 
minimizing on n different surfaces was not successful as the rate 
of convergence was too slow and no solution was reached by this 
method• • \
Because of the greater effort required, the gradient method of 
analysis should only be considered as complimentary and not as 
an alternative to the configuration theories given in chapter 2.
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CHAPTER 8
Conclusions and suggestions for future work
8.1 General summary and conclusions
The object of this work was principally to develop a deformation 
theory for pin-jointed link assemblies subjected to significant 
displacements in order to study the effect of curvature and in­
tensity of prestress on the stiffness of cable nets. The defor­
mation of nets requires a knowledge of the initial geometry. A 
study of existing configuration theories led to an extension of 
Hussey’s closed-form solution for nets with rectilinear boundaries 
and cables suspended in two sets of orthogonal planes to nets with 
quadrilateral boundaries where the spacing of the cables, which 
are linear in plan, are constant along each boundary.
• Closed form solutions were also developed for the following types 
of nets:
a) Nets forming a repeated diamond-shaped mesh in plan. The 
solution is limited to nets whose boundaries in plan form a
• parallelogram and for which the tension coefficients in all 
cables have the same value.
b) Three and four-directional nets having boundaries which in plan 
form parallelograms and where the cables in plan form a.repeated 
pattern.
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For these two types of nets the cables are assumed to be clamped 
only at points where for three-directional nets three cables and 
for four-directional nets four cables intersect* These solutions 
are limited to cases, where the tension coefficients in all diagonal 
cables have the same value and the tension coefficients in the re­
mainder are constant in each set of directions.
Closed form solutions have the advantage tjiat they are more compact 
and require less computer time than other forms of solutions.
The deformation theory considers the cable net as a discret system 
where the forces and the displacements are found by minimization 
of the total potential of the assembly. An effective method of mini­
mization proved to be by far the most difficult part of the work 
since all known methods' of minimization for this type of problem 
either diverge or converge so slowly as to be impractible, or else : 
they require so much storage space as to make their use impossible 
when applied to nets of practical size.
Two methods were eventually developed, both of which only require 
a moderate amount of storage space and at the same time converge 
sufficiently fast to be practical propositions.
The first of these methods minimizes the total potential by the 
method of steepest descent using a reduced step length. When the 
full theoretical step length was used the convergency rate was found 
to be too slow.
The other successful method uses Gill's version of the Runge-Kutta 
technique for solving systems of first order ordinary differential 
equations with the step length in the integration process determined
by the steepest descent method mentioned above. It was again found 
that the rate of convergence was improved if the step length was 
reduced. Attempts to. find a reliable optimum relaxation factor for 
either method was unsuccessful.
The only conclusion which can be drawn reliably is that any value 
for the relaxation factor between 0.2 and 0.9 greatly improves the 
rate of convergence. For the cases tested the effect of using a ' 
relaxation factor, of this magnitude was to reduce the number of 
iterations to anything between 5% and 25% of those using the theo­
retically calculated step length in the case of the.method of steepest 
descent and between 9% and l£1% in the case of the Runge-Kutta method.
In general, for the cases solved, the second minimization method 
required a slightly smaller number of iterations before a solution 
was reached, but thiswas offset by requiring more time per iteration.
As yet it is too early to say which-of the two methods is the most 
efficient and it is felt that this may depend to some extent upon 
the problem to be solved. For nets solved so far, however, the 
first of the two methods has proved the .least time consuming.
The experimental work carried out showed good agreement with the 
theoretically calculated values for forces and displacements. The 
theoretical values for the displacements tended to be slightly larger 
than the experimental values since the theory does not take into 
account the bending stiffness of the cables and the stiffening effects 
of the clamps. The errection of small highly stressed nets bore out 
quite clearly the importance of assembling the net correctly in the 
unstressed state if the initial configuration assumed in the calculations
is to be achieved accurately
The computational analysis of a series of small saddle-shaped nets 
subjected to uniformly distributed load showed that for these nets 
the stiffness increased with increasing curvature and prestress in
a non-linear manner* The deflection curves for the nets showed that
• 5 V \ lE'vx \ a,
provided the roof cladding has no appreciable effect it should be 
as light as possible so as to minimise the effect of subsequent snow 
and wind loading* The calculations showed quite clearly that for 
these types of nets the cost of construction can be considerably 
increased if an unsuitable initial configuration is chosen*
Finally in chapter .7 it was shown that by using' the gradient technique 
it is possible to calculate the prestressing forces required to pro­
duce a given initial configuration. This reverses the position 
which has existed up to date ( as stated in chapter 2 ) in which 
the tensile forces in the cables has to be assumed to make a numerical 
solution possible*
The general conclusion to be made is that using the gradient method 
of analysis it is possible to calculate the initial configuration 
and the behaviour of any type of net subjected to constant load 
without any previous knowledge of the behaviour of the net*
When analysing large nets it may be necessary because of the size 
of the computer available and the cost of the calculations to calcu­
late the behaviour of a similar net with a reduced number of cables 
and then interpolate to find the displacements and forces in the 
original net*
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The work done so far has shown that a great deal more work has to 
he carried out to obtain more extensive knowledge of the behaviour 
of pre stressed, nets under different conditions as well as to aid in
solving practical problems relative to the design of such nets.
8,2 Suggestions for future work ■
8,2.1 Investigation of other minimization methods
In chapter 4 was pointed out that when dealing with very large systems 
it may be necessary to analyse a reduced net so as to keep the total 
effort withinbounds. Therefore, any work which aims at reducing the 
time required to reach the minimum total potential is important from . 
the point of view of cost and feasibility of computation.
The use of the following minimization processes may be worth while 
investigating.
a).The Fletcher-Powell process (12)
b) The conjugate gradient method (13)
For structural geometrical assemblies the Fletcher-Powell method 
gradually improves the flexibility matrix until the gradient vector 
|cW/ dx] = 0 and thus avoids the difficulties involved in attempting 
to invert the stiffness matrix at each stage of the iteration.
In terms of iterations Fletcher and Powell claim that this method
• converges considerably faster than ther method of steepest descent...
The method was in fact programmed for the electronic computer 1 Sirius” 
but when it was found that each iteration took approximately 20 min. 
and that the largest net the computer could handle had only 35 joints,
the method was abandoned. It is, however possible that the method 
may be suitable for a larger machine and if it proves to be faster 
than the methods discussed in chapter 4> it could be used to calcu­
late the forces and deflections for reduced nets, from which values
the behaviour of the original net could be interpolated and then 
refined by the method of steepest descent.
The conjugate gradient method is a descent method in which the step 
length is calculated as in the method of steepest descent, but in 
which the descent takes place in a direction p where p at any stage 
of the iterative process is given by* . -
R (k+i)s :
r P(k+i) = - «(k+i ) + — -r p oo
R (k)
where R = euclidean length of the gradient vector and
g = steepest descent direction
For quadratic functions of n arguments, the process will locate the 
minimum in not more than n steps exept for the effects of round - offr 
For functions which are not quadratic, the process may diverge as was 
found to be the case when used to solve the experimental net described 
in chapter 4* It is, however, possible that if applied in the flatter 
part of the valley, i.e. in the vicinity of the minimum, the method 
may converge more rapidly than the steepest descent.
^formation- of cable nets with non-rigid boundaries
In all the work carried out so far, the boundaries have been assumed
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to be rigid. The effect of elastic boundary members can, however,
be taken into account if the following procedure is adopted?
a) Calculate the forces and displacements of the loaded net 
assuming rigid boundaries,
b) Calculate the deformation of the boundary due to the change in 
cable forces,
c) Adjust the coordinates at the boundaries using the displace­
ments calculated in (b) and calculate the changes in forces
and displacement for the net with the adjusted boundary coordinates. 
Whether or not the above process will have to be repeated will 
depend upon the stiffness of the boundary members.
Nets where the edge members are made from cables have interested 
architects such as Frei Otto (23) and a possible way of calculating‘such 
nets may be to draw out the assumed configuration of a required net 
and then use the gradient method to calculate the required prestressing 
forces and the adjustments to the assumed geometry. Whether the 
gradient method would converge quickly enough to be'practical for ’ .
such an application is not yet known.
•3 Stiffening effect of roof cladding.
Since two directional nets are non-rigid assemblies, it would be of. 
great interest to know the exact stiffening effect of the roof 
cladding. - For roof cladding which may be considered as a thin 
skin secured at the cable joints a possible approach may be .to
C
consider the skin panels as equivalent to diagonal bracing and which
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may be ignored if in compression. If the effect of the skin
is non-linear in its behaviour, this would probably involve
a method for recalculating the effective skin width at several
stages of the iterative process. It is anticipated that this work
would require a great deal of computational as well as model.
experimental, work. The size of a model for this purpose would
have to be considerably greater than the one described in chapter 5.
8,2.4 The distribution of wind forces on doubly curves surfaces
Hardly any work has so far been published on the distribution of 
wind forces on surfaces with anticlastic curvature. Since for any 
design a knowledge of wind forces is of major importance work - in this, 
field is desirable. Some teste on hyperbolic paraboloids have been 
carried out and published by Beutler (2) and Vaessen (32).
8*2.5 Flutter in ore stressed cable net roofs
Flutter of cable net roofs is another problem which needs to be in­
vestigated. For highly stressed roofs with large curvature the prob­
lem may not be important, but when the net is only slightely curved 
or the degree of prestress low it may prove a serious problem as. was 
the case of the Raleigh arena in U.S.A. where internal tie ropes had 
to be attached to the net to reduce the flutter.
8.2.6 Resign •
Finally we briefly mention some important design aspects which need
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to be considered to help to achieve economical designs.
a) Erection and prestressing methods, including the design of cable 
clamps and methods of attacing the cables at the boundaries.
b) Minimum cost anchorage foundations.
c) Materials for and ways of designing flexible roof claddings.
d) The use of non-corrosive materials, in the construction of cable 
nets.
From the number of suggestions made for future work in this field 
it can be seen that a great deal of work has still to be done to 
make these types of constructions as cheap and efficient as possible. 
They offer, however, great possibilities both from an architectural 
as well as an economical poit of view and work in the field of sus­
pension structures ought to be rewarding as industry is gradually 
beginning to appreciate their possibilities.
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TABLE 4.3
Deformation of Cable Roofs, Case 16-10-20-1,0
TX TT
(LBF/INCH) ( LBF/lNCH )
10.0 20.0
DEAD LOAD
(l b f /j o i n t )
0.00
LIVE LOAD
(l b f /j o i n t )
LOO
NO. OF ITERATIONS R(LBF) 
438 0,0005
K TOTAL POT, (LBF INCHES),, ^
0.75 -0.016004
JOINT NO. DEFLECTIONS (INCHES) RESIDUAL FORCES (LBF)
X y z X y z
1 0.0098 0 . 0 0 0 0 -0.0097 0.0001 0 . 0 0 0 0 0,0003
2 0.0048 0.0000 -0.0057 0 . 0 0 0 0 0 . 0 0 0 0 0.0001
3 0.0009 0.0000 -0.0006 -0,0001 0.0000 -0.0001
4 0 . 0 0 0 0 0 . 0 0 0 0 0,0015 0,0000 0,0000 -0.0006
5 0.0087 0.0003 -0.0084 - 0 . 0 0 0 0 0,0000 0.0001
6 0.0041 0.0003 -0.0050 -0.0001 -0.0001 - 0 . 0 0 0 0
7 0.0008 0.0001 -0.0009 0.0002 -0.0001 0,0000
8 0,0000 0.0000 0.0007 0 . 0 0 0 0 0.0001 -0,0001
9 0.0053 0.0004 -0,0051 -0,0000 - 0 . 0 0 0 0 0 . 0 0 0 0
10 0.0023 0.0004 -0.0034 -0.0001 -0,0000 -0.0001
11 0,0005 0.0003 -0,0016 0.0001 - 0 . 0 0 0 0 0.0001
12 0 . 0 0 0 0 0.0003 -0.0011 0 . 0 0 0 0 -0.0001 - 0 . 0 0 0 0
LINK LENGTH (INCHES) INITIAL FORCE(LBF) FINAL FORCE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
/ V '
6,2212
5.5847
4.7196
4.0913
6.3889
5.6770
4.7534
4.0952
6.9433
5.9561
4,8521
4.1064
8.0029
8.0300
8.IO89
8.0076
8,0723
8.2252
8.0106
8.0981
8.2878
8.0115
8.1061
8,3067
62,212
55.847
47.196
40.913
63.889
56.770
47.534
40.952
69.433
59.561
48.521
41,064
160,059
160,600
162.179
160.151
161,447
164.504
160.211
161,961
165.757
160.231
162,123
166.134
58.059 
52.376 
44,281 
38.361 
59.792 
53.370 
44.700 
38,490 
65,681 
56.515 
46.040 
38.956 
161.185 
161.739 
163.343 
161.159 
162,468 
165.558 
160.502 
162.252 
166.065 
160.201 
*62.087 
166.109
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TABLE 5•1 
Case % 1 6 - 4 - 8
JOINT THEORETICAL OBSERVED
NO, COORDINATE. COORDINATE ! x
„1 - „1 JL _Z1 3 l I Zt
T / . , E/. \ * T Z(i n ) (m )
nearest nearest nearest nearest
l/l6 in l/l6 in l/l6 in
1 5.675 511/16 59y/16 -1/8 -.125 -2
7 55/i6 -3A  -.375 -61/  2
29 51/ 2 -3/i6 -.1876 - 3 1 ^ 2
35 53/8 -5/l6 -.3125 - 5 l / 2
2 10.088 101/l6 9?/s -3/l6 -.1875 -2
6 9^/4 -5/l6 -.3125 -3
30 9 15/16 -.1//8 -.125 -1
3.4 97A -3//l6 -.1875 — 2
3 12.835 1213//l6 129//16 -XA  -.25 -2
5 123/l6 -1A  -.25 -2
31 121/ 2 -5/l6 -.3125
33 121/ 2 -5//l6 -.3125 - a ^ a
4 13.764 13^/4 - XA  -.25 — 2
32 139//l6 -3/l6 -.1875 -i1^
8 4,982 5 413/l6 -3//l6 -.1875 -4
14 43/4 - l/4 -.25 •5
22 413/l6 -3/16 -.1875 -4
28 43A -.25 -5
9 9.010 9 83A - " A  -.25 -3
13 85// 8 -3A  -.375 -4
23 83A -x/4 -.25 -3
H 
e->
TABLE 5.1
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rOINT
NO
THEORETICAL
COORDINATE
ZT^
, (in) 
nearest 
l/l6 in
OBSERVED
COORDINATE
1
ZE^
(in) 
nearest 
l/l6 in
_1 1 / , \ Z-v
e ” t ( "Ln) E
nearest n 
l/l6 in
-z1T x
ZT
oarest
10 11.578 119//16 113//16 -34 - .375 -3
12 113//16 -3/8 -.375 -3
24 ll3/16 -3/8 -.375 -3
26 l l l y ^8 -7/l6 -.4375 -4
11 12.^56 127A .6 121/8 -5/l6 -.3125 -2X/2
25 121/16 -3/8 -.375 -3
15 4.765 43A 4X/2 -1A -.25 -5
21 41/2 -.25 -5
16 8.662 811/16 83// 8 -5/i6 -.3125 -31/ 2
20 S1^ -7/i6 -.4375 -5
17 11.167 I l 3 / / l 6 103/ 4 -7/l6 -.4375 -4
19
-3-
cnOH
-7/l 6 -.4375 -4
18 12.026 12
00
m
HH -3/8 -.375 -3
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TABLE 5.2
Case 0 - 10 - 20, 16 Ibf at 
joint 18
Joint
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
Theoretical deflections (inches)
x
0.00005049 
0 . 0 0 0 0 7 5 H  
0.00003816 
0.00000005 
-0.00003798 
-0.00007519 
-0.00005041 
0.00037399 
0.00064400 
O.OOO56592 
0.00000055 
■O.OOO56678 
•0.00064342 
•0.00037448 
0.00229126 
0.00441283 
0.00561264 
■0.00000061 
■0.00561120 
■0.00441393 
.0.00229077 
0.0003740 3 
0.00064364 
0.00056636 
0.00000012 
■0.00056645 
■0.00064377 
■O.OOO37432 
0,00005046 
0.00007520 
0*00003806 
0.00000002 
•0.00003810 
*0.00007512 
•0.00005044
O.OOOOO596
-O.00002669 
-0,00092281 
0.00092281 
■0,00002813 
■Q.00002659 
-0.00000528 
■0.00000606 
■0,00003350 
■0.00005823 
0.00144619 
■0.00005804 
0,00003410 
-0.00000662 
-0,00000011 
0,00000003 
-0,00000018 
0.00000017 
-0.00000000 
-0.00000001 
0.00000011 
0.00000609 
0.00003367 
0.00005843
■0,00144637
0,00005805
0.00003377
O.OOOOC679
0.00000590
0,00002681
0.00002768
.0,00092264
0.00002813
0.00002661
0.00000522
0.01516598
0.03587315
0.09613013
0.09613013
.O.O6605IO2
■0.03587319
.0.01516599
.0.02750666
.0.06692252
.O.I3209416
■0.22177049
■0.13209424
■0.06692260
.O.O2750673
.O.O334454I
■0.08417922
■0.18511004
.0.44013678
■0.18511000
■0.08417932
■0.03344547
.0,02750666
.0.06692252
.0.13209416
.0.22177050
.0.13209424
.0.06692261
.0.02750673
.0.10516598
•0.03587316
.0.06605097
.0.09613013
•0.06605101
-0.03587318
-0.01516600
Notes the deflections in this table have been calculate' 
by minimization of the total potential energy by the 
method of steepest descent.
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TABLE 5.3
Case i 0 - 10 - 20, 16 lbf at
joint 18
Joint No. z-average Max. percentage diff. z-theoretical
( inches) from z-average (inches.)
1 0.0120 + 3.3 0,0152
7 +10.0
29 + 3.3
35 -16.6
2 0.0330 + 6.1 0.0359
6 - 1.5
30 0.0
34 - 4.6
3 0.0614 + 2.8 0.0661
5 + 0,8
31 - 1.6
33 2,0
.4 0.0926 + 0.3 0.0961
32 - 0.3
8 0.0234 0.0 0.0275
14 - 1.3
• 22 + 0.4
28 + 0.7
9 0,0654 + 0.9 0.0669
13 - 2.1
23 + 3.2
27 - 2.0
10 0.1261 - 0.8 0.1321
12 - 0.8
24 + 0.8
26 + 0.8
11 0.2180 - 1.6 0.2218
25 + 1.6
15 0.0286 + 5.3 0.0334
21, - 5.3
16 0.0816 + 1.2 0.0842
20 - 1.2
17 0.1746 + 3.5 0.1851
19 
■---10 ----- - ho 16
- 3.5
0.4401
TABLE 5,4 111
Case : 0 - 10 - 20, 16 lbf at 
joint 18.
Z - deflections (inches) % diff. from theoretical
Joint theoretical large clamps small clamps large clamps small
No.
1 0.0152 0.0120 0,0121 21,1
clamps 
- 20.4
2 O.0359 0,0330 0.0348 8.1 - 3*1
3 0.0661 0,06l4 0.0629 - 7.1 - 4,8
b 0.0961 0.0926 0.0950 - 3.6 - 1.1
8 0.0275 0,0234 0,0247 - 14.9 - 10.2
9 0,0669 0.0654 0.0639 - 2.2 4.4
10 O.I321 0.1262 0.1293 - 4.5 - 2.1
11 0,2218 0.2180 0.2215 - l 4 ,6 - 0.1
15 0,0335 0.0286 O.O3O8 - 14,6 - 8.1
16 0.0842 0,0810 0.0820 - 3.8 - 2.6
17 0,1851 0.1746 0.1805 - 5.7 - 2.5^
18 0,4401 0.4236 0.4260 — 3.8 - 3.0
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TABLE 5.5
Case % 16 - 4 - 8 , 20 lbf at joint 18
Joint Theoretical deflections (inches)
x y  z
1 0 , 0 0 6 5 5 1 1 3  -0 , 0 0 1 0 9 0 0 4  -0 . 0 0 4 1 0 4 5 0
2 0 . 0 1 7 2 1 8 1 7  -0 . 0 0 4 0 1 4 2 7  -0 . 0 1 3 2 7 5 1 7
3 0 , 0 1 9 2 0 5 7 4  -0 . 0 0 4 6 2 4 9 4  -0 . 0 1 5 5 2 5 9 2
4 -O.OOOOOO38 0 . 0 3 0 3 7 0 6 0  0 . 0 6 4 4 1 8 8 5
5 -0 . 0 1 9 2 0 6 4 5  -0 . 0 0 4 6 2 5 0 0  -O.OI5 5 2 6 1 7
6 -0.01722155 -0.00401511 -0.01327948
7 -0.00654612 -0 . 0 0 1 0 8 9 2 1  -0 . 0 0 4 1 0 0 7 8
8 -0 . 0 1 4 5 7 0 9 1  -O.OOOI6 3 6 4 0 . 0 1 1 6 5 8 4 4
9 -0 . 0 1 8 1 2 7 2 0  -0.00109468 0.01519783
10 -0.01093094 -0.00206689 0.00403161
11 -0.00000002 0.02337312 -0.04735103
12 0 . 0 1 0 9 3 0 6 1  -0.00206730 0.00403065
13 0,01812837 -0.00109495 0.01519899
14 0.01457071 -O.OOOI6 3 8 O 0 . 0 1 1 6 5 8 2 6
15 -0.045736 5 6 -O.OOOOOO36 0.03566237
16 -0.07896342 -0 . 0 0 0 0 0 0 0 6  0.06714303
17 -0.07785502 0 . 0 0 0 0 0 0 3 0  0 . 0 6 2 7 0 3 9 0
18 -O.OOOOOO32 -0 . 0 0 0 0 0 1 3 0  -0.48161577
19 O . 0 7 7 8 5 5 3 9  -0 . 0 0 0 0 0 0 0 5  0 . 0 6 2 7 0 2 8 0
20 0.07896452 0 . 0 0 0 0 0 0 1 2  0.06714449
21 0.04573652 0.00000003 0.03566224
22 -0.01457159 0.00016398 0.01165895
23 -0 . 0 1 8 1 2 8 7 9  0.00109498 0.01519904
24 -0 . 0 1 0 9 2 8 1 2  0 . 0 0 2 0 6 8 2 2  0 .00402592
25 0.00000125 -0,02337251 -0.0473^950
26 0.01093183 0,00206737 0.00403187
27 0.01812909 0.00109496 0.01519956
28 0 . 0 1 4 5 7 0 9 4  O.OOOI6 3 7 8 O.OII6 5 8 5 6
29 0.00654749 0 . 0 0 1 0 8 9 0 8  -0.00410178
30 0.01721958 0.00401456 -0.01327713
31 0.01920761 0.00462556 -0.01552829
32 -0.00000045 -0.03037356 0.06442509
33 -O.OI9 2 O8 5 5 0.00462563 -0.01552807
3^ -0.01722316 0.00401529 -0.01328047
35 -0.00654684 0.0010893^ -0.00410138
Notes the deflections in this table have been calculated by 
minimization of the total potential anergy by the method of 
the steepest descent.
Joint
No
1
7
29 
35
2
6
30 
34
3
5
31 
33
8
14 
22 
28
9
13
23 
27
10
12
24 
26
15 
21
16 
20
17
19
■18
TABLE 5.6
Cases 1 6 - 4 - 8 .  20 lbf at joint 18
i-average 
(inches)
-0.0095
+0.0200
+0.0185
-0.0075
-0,0080
-0.0010
-0.0395
-0.0700
-0.0620
0.0000
Max. percentage diff. 
from x-average
-11.7 
+ 3.9
- 1.3
+ 9.1
+10*0
- 2.5
- 2.5
- 5.0
+ 14.3
- 7.5
- 2.0
- 4.8
+ 5.1
- 8.5
- 1.7
+ 5.1
+ 1.5
- 4.5
■ + 1.5
+ 1.5
-.0
-.0
-1-0
-.0
0.0
0.0
- 5.k
+ 5 .^
- 7.7
+ 7.7
x-theoretical 
(inches)
+0,0066
+0.0172
+0.0192
-0.0145
-0,0181
-0.0109
-0.0457
-0.0790
-0.0779
0.0000
TABLE 5.7
Case : 1 6 — 4 - 8 ,  20 lbf at joint 18
114
Joint y-average Max, percentage diff* y-theoretical
No, (inches) from y-average (inches)
4 +0 . 0 2 9 0  + 0 . 9  +0.0304
32 - 0.9
11 +0 . 0 2 3 0  + 1 . 1  +0.0234
25 - .1 . 1
115
TABLE 5.8
Case s l6 - ^ - 8 . 20 lbf at joint 18
Joint z-average Max. percentage diff , z-theoretical 
No (inches) from z-average (inches)
1 r0,0040 -1 3 . 8  -0.0041
7 -  1.8
29 + 4 , 2
35 +11.4
2 -0 . 0 1 3 0  -15.4 -0.0133
6 0.0
30 +11.5
34 + 3 . 9
3 -0.0135 +13.3 -O.OI55
5 - 5.7
31 - 5.7
32 - 1.9
4 +0.0640 0 . 0  +0.0644
32 0.0
8 +0 . 0 1 2 0  + 3.5 +0.0117
14 - 1 2 . 1
22 +18.1
28 - 9 . 5
9 +0.0145 +14.8 +0 . 0 1 5 2
13 - 9 , 6
23 +11.3
27 -16.5
10 +0 . 0 0 3 0  - 4.8 +0.0040
12 +14.4
24 - 4 . 8
26 - 4 . 8
11 -0 . 0 3 7 0  0 . 0  -0.0474
25 0.0
!5 +0.0345 0 .0 . +0.0357
21 0 .0 .
+0 , 0 6 6 0  - 0 . 8  +0 . 0 6 7 1
20 + 0.8
x7 +0 . 0 6 3 0  + 4.8 +0 . 0 6 2 7
- 4.8
- -0,4816
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H
(inches)
16
16
16
16
12
12
12
12
8
8
8
8
k
h
h
k
TABLE 6.1 
tx
(lbf/inch)
8
10
k 
6
8
10
h 
6
8
10
k  
6
8
10
(lbf/inch)
8
12
l6
20
8
12
16
20
8
12
16
20
8
12
16
20
Cable nets solved for assumed self-weight of cable 
W = 0 lbf/joint.
TABLE 6,2 118
H
(inches)
16
16
16
12
12
12
8
8
8
6
6
6
k
4
k
. Self-weight
t t TTx y ¥
(lbf/inch) (lbf/inch) (lbf/inch)
10 20 1.0
10 20 2.0
10 20 3.0
10 20 1.0
10 20 2.0
10 20 3. 0
10 20 1.0
10 20 2.0
10 20 3.0
10 20 1.0
10 20 2.0
10 20 3.0
10 20 1.0
10 20 2.0
10 20 3.0
Cable nets solved for constant live load ¥ = 4 lbf/joint.
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TABLE 7.1
Deformation of Cable Roofs Case 5>000
t DEAD LOAD LIVE LOAD
(lbf/i n c h ) (l b f /i n c h ) (l b f /j o i n t ) (l b f /j o i n t )
4.0 8.0 0.00 0.00
NO. OF ITERATIONS R(LBF) K TOTAL POT.(LBF INCHES)
507 0 .0145 0 .75 -2.3435 99
JOINT DEFLECTIONS(INCHES) RES IDUAL FORCES(LBF)
NO. X y z X y z
1 -0 0408 0 .0 0 0 0 0.0427 0 . 0 0 0 6 0 . 0 0 0 0 -0 . 0 0 1 3
2 - 0 0246 0 ,0 0 0 0 0 . 0 1 7 8 0 . 0 0 1 2 0.0000 -0 . 0 0 1 4
3 -0 0028 0 .0 0 0 0 -0 . 0 3 2 1 0.0000 0.0000 -0.0001
4 0 0000 0. 0 0 0 0 -0 . 0 5 6 2 0.0000 0.0000 0 . 0 0 3 7
5 -0 0343 -0. 0 0 3 4 0.0344 0 . 0 0 4 5 0 . 0 0 0 4 0 . 0 0 3 3
6 -0 0202 -0. 0 0 6 8 0.0137 -0 . 0 0 7 3 0.0004 -0.0044
7 -0 0024 -0. 0086 -0 . 0 2 6 2 0 , 0 0 6 9 0 . 0 0 0 3 0 . 0 0 3 5
8 0 0000 -0. 0092 -0.0457 0.0000 -0,0002 0 , 0 0 1 4
9 -0 0112 -0. 0068 0.0324 -0 . 0 0 1 3 -0.0008 -0.0014
10 -0 0106 -0. 0178 0.0513 0.0024 -0.0001 0.0020
11 - 0 0 0 6 8 -0. 0283 0,0644 -0.0028 -0.0011 -0 . 0 0 1 7
12 0 0000 -0. 0331 0 . 0 7 0 0 0.0000 -0.0002 -0 . 0 0 0 6
FINAL FORCE(LBF)
1 4 . 1 0 3  
12.732 
11.288 
10.393 
15.927 
14.272 
12.595 
11.571 
8 8 . 6 2 3  
78.642 
68.001 
61.345 
53.463 
53.565 
5 6 . 5 0 1
43.306
43.521
49.320
39.215
3 9 . 5 0 9
46.883
38.113
38.435
46.271
LINK
1
2
3
4
5
6
7
10
11
12
13
14
15
16
17
18
19
20 
21 
22 
23 
■24
LENGTH(INCHES) INITAL FORCE(LBF)
5.3638 21.455
4.9541 19.817
4.4192 17.677
4.0516 1 6 . 2 0 6  '
5.4736 21.894
5.0128 20.051
4 . 4 3 9 6 17.758
4 . 0 5 3 8 16.2.15
-■ 5.8410 23.364
5.1918 20.767
4.4992 17.997
4.0602 16.241
8 . 0 0 1 7 64.013
8 . 0 1 6 9 64.135
8 . 4 5 7 4 6 7 . 6 5 9
8.0043 64.034
8.0408 64.326
9.1465 73.172
8 . 0 0 5 9 64,048
8.0553 64.443
9 . 6 3 7 4 77.099
8 . 0 0 6 5 64.052
8 . 0 5 9 9 64.479
9.8098 78.478
120
TABLE 7.2
Deformation of Cable Roofs Case 6,000
x
(l bf/i n c h ) 
6.0
y
(l b f / i n c h
12.0
.DEAD, LOADx
(l b f /j o i n t )
0.00
.LIVE LOAD.
l b f 7j o i n t
0.00
NO. OF ITERATIONS R(LBF)
hi 5 0 .02.69 0.75
TOTAL POT.(LBF INCHES
-5.177435
OINT DEFLECTIONS (INCHES) RESIDUAL FORCES (LBF)
NO. X 1 z X 7 z
1 -0.0421 0.0000 0 . 0 4 3 1 0 . 0 0 5 1 0 0000 -0 0 0 5 5
2 -0 . 0 2 5 3 0.0000 0 . 0 1 6 2 O.OO63 0 0000 -0 0 0 7 2
3 -0.0024 0,0000 -0 . 0 3 7 6 0.0028 0 0000 0 0 0 0 6
4 0.0000 0.0000 -0 . 0 6 1 6 0.0000 0 0000 0 0184
5 -0 . 0 3 6 3 -0 . 0 0 4 7 0 . 0 3 5 9 0.0051 0 0001 -0 0 0 0 6
6 -0.0218 -0.0101 0 . 0 1 3 9 -0.0022 -0 0001 -0 0 0 6 1
7 -0.0023 -0 . 0 1 2 7 -0 . 0 2 3 8 0.0055 -0 0 0 0 6 0 0028
8 0.0000 -0 . 0 1 3 4 -0 . 0 5 0 6 0.0000 0 0 0 0 6 0 OO63
0j -0 . 0 1 6 6 -0.0104 0 . 0 4 7 8 -0.0024 -0 0004 -0 0 0 0 5
10 -0 . 0 1 6 9 -6 . 0 2 7 0 0 . 0 7 7 1 0 . 0 0 5 0 0 0 0 0 7 0 0009
11 -0.0103 -0.0409 0 . 0 9 4 5 -0.0048 -0 0022 0 0 0 3 2
12 0.0000 -0.0467 0.1011 0,0000 0 0020 -0 0 0 3 0
1
2
3
h
5
6
7
8 
Q
10
11
12
13
14
15
16
17
18
19
20 
21 
22 
23 
2.4
TNK LENGTH(INCHES) INITIAL FORCE(LBF) FINAL FORCE(LBF)
5.3638 
4.9541 
4.4192 
4.0516 
5.4736 
5.0128 
4.4396 
4.0538 
5.8410 
5.1918 
4.4992 
4.0602 
8.0017 
P 0OI69 
8.4574 
8.0043 
8.0408 
9.1465 
8 . 0 0 5 9  
8 . 0 5 5 3  
'8.6374 
8 . 0 0 6 5  
8 . 0 5 9 9  
9.8098
32.183
29.725
26.515
24.310
32.841
30.077 
2 6 . 6 3 7  
24.323 
35.046 
31.151 
26.995 
24.361 
9 6 . 0 2 0  
9 6 . 2 0 3
101.488
9 6 . 0 5 1
96.489
109.758
9 6 . 0 7 1
9 6 .664 
115.649
9 6 . 0 7 8  
96.719
117.717
21.528 
1 9 .432 
17.229 
15.872 
25.150 
22.583 
19.928 
18.361 
131.624 
116.544 
100.733
9 0 . 6 6 7
81.484 
8 1 . 6 5 2  
86.107 
6 5 •864 
66.207 
74.833
59.270
59.745
70.647
57.514
58.034
6 9 . 6 1 1
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TABLE 7.3
Deformation of Cable Roofs, Case 7*000
x f
,b f/i n c h ) MCH
.0 li
NO. OF ITERATIONS r(LBF) 
464 0 . 0 0 9 8
DEAD LOAD LIVE LOAD
' LBF/JOINT) (LBF/JOINT)
0.00 0.00
K TOTAL POT.(LBF INGRES 
0,75 -9.031790
JOINT DEFLECTIONS(TTsT'T'T-TFT'C! YJLl^ ajljJj ij RESIDUAL FORCES(LBF)
NO. X y z X y z
1 -0.0438 0 , 0 0 0 0 0 . 0 4 3 9 0 . 0 0 1 3 0.0000 — 0.0020
2 -0.0272 0 . 0 0 0 0 0 . 0 1 6 3 0,0015 0.0000 -0.0025
3 -0 . 0 0 2 6 0 , 0 0 0 0 -0.0424 0.0012 0.0000 0,0004
4 0.0000 0 , 0 0 0 0 -0 . 0 7 1 0 0,0000 0.0000 0,0064
5 -0 . 0 3 7 9 -0 . 0 0 6 0 0.0373 0.0007 0 . 0 0 1 3 -0.0008
6 -0 . 0 2 3 6 -0 . 0 1 3 1 0.0153 0 . 0 0 3 0 -0 . 0 0 2 9 0.0001
7 -0 . 0 0 2 6 -0 . 0 1 6 7 -0,0323 0.0002 -0.0000 -0,0000
8 0.0000 -0 . 0 1 7 7 -0.0557 0.0000 0 . 0 0 0 3 0.0021
9 -0,0208 -0 . 0 1 3 7 0.0618 -0.0002 0 . 0 0 0 3 0 . 0 0 0 1
10 -0.0224 -0 . 0 3 5 6 0.1017 -0 . 0 0 1 4 -0 . 0 0 0 7 -0,0012
11 -0 . 0 1 3 5 -0 . 0 5 3 2 0.1240 0 . 0 0 1 3 -0,0020 -0.0001
12 0.0000 -0 . 0 6 0 4 0 . 1 3 2 2 0.0000 0.0017 -0.0002
LINS LENGTH(IITCHES ) INITIAL FORCE ( LBF ) FINAL FORCE (LBF)
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
5.3638
4.9541
4.4192
4.0516
5.4736
5.0128
4.4396
4.0538
5.8410
5.1318
4.4392
4.0602
8 , 0 0 1 7
8 , 0 1 6 9
8.4574 
8.0043 
8.0408 
.1465
8 . 0 0 5 9
8 . 0 5 5 3
9.6374
8 . 0 0 6 5
8 . 0 5 9 9
9.8098
42.911 
39.633 
35.354 
32.413 
43.789 
40.102 
35.517 
32.431 
46.728 
41.534 
35.993 
32.482 
1 2 8 . 0 2 6  
12.8 . 2 7 0  
135.318 
128.068 
128.652 
146.343 
128.095 
128,885 
154.198 
128.104 
128.958 
156.956
29.175
26.337
23.353
21.528
35.138
31.565
27.943
25.737 
173.814 
1 5 3 . 6 8 8  
1 3 2 . 5 6 8  
1 1 9 . 2 5 8  
109.899 
110.141 
116.134
88.943 
89.430
100.843
79.710
80.387
94.738 
77.318
7 8 . 0 6 3
93.279
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TABLE 7,4
Deformation of Cable Roofs, Case 8,000
x
(l b f/i n c h , (l b f /i n c h )
DEAD LOAD
l b f /j o i n t )
LIVE LOAD
l b f /j o i n t )
10.0 20.0 0 .00 0.00
NO. OF iterat i on
5 15
'S r(lbf) k 
0 . 0 2 2 6  0 . 7 5
t o t a l POT.(l b f  i n c h e s )
-1 3 . 8 6 1 8 9 1
JOINT DEFLECTIONS (INCHESj RESIDUAL FORCES (LBF)
NO. X 7 z X 7 z
1 -o.o44i 0 . 0 0 0 0 0 . 0 4 3 2 0.0047 0 . 0 0 0 0 -0 . 0 0 5 1
2 -0 . 0 2 7 7 0 . 0 0 0 0 0 . 0 1 5 1 0.0057 0.0000 -0 , 0 0 6 3
3 -0.0024 0 . 0 0 0 0 -0.0463 0.0025 0.0000 0.0008
4 0 . 0 0 0 0 0*0000 -0 . 0 7 5 3 0.0000 0 . 0 0 0 0 0 . 0 1 7 7
5 -0 . 0 3 8 6 -0 . 0 0 7 1 0 . 0 3 7 3 0 . 0 0 2 5 0.0001 -0.0024
6 -0 . 0 2 4 7 -0 . 0 1 6 0 0 . 0 1 6 3 0 . 0 0 2 3 -0.0001 -0 . 0 0 2 7
7 -0.0028 -0 . 0 2 0 6 -0 . 0 3 3 3 0.0011 0.0001 0 . 0 0 0 9
8 0,0000 -0 . 0 2 1 9 -0.0580 0.0000 0 . 0 0 0 3 0.0064
9 -0.0243 -0 . 0 1 6 8 0.0748 -0.0004 -0.0001 -0.0002
10 -0.0275 -0 . 0 4 3 9 0 . 1 2 5 3 0.0001 -0 . 0 0 0 3 0.0008
11 -0 . 0 1 6 6 -0 . 0 6 5 1 0 . 1 5 2 8 -0 . 0 0 0 7 0 . 0 0 0 0 -0 . 0 0 0 3
12 0.0000 -0 . 0 7 3 5 0 . 1 6 2 5 0 . 0 0 0 0 0.0012 -0.0014
link LENGTH(INCHES) INIt i a l  f o r c e (l b f ) f i n a l  f o r c e (l b f )
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
5.3638
4 , 9 5 4 1
4.4192
4 . 0 5 1 6
5.4736
5.0128
4.4396
4.0538
5.8410
5.1918
4.4992 
4.0602 
8 . 0 0 1 7  
8 . 0 1 6 9  
8.4574 
8.0043 
8.0408 
9.1465  
f . 0 0 5 9  
8.0553 
9.6374 
8 . 0 0 6 5  
8.0599 
9.8098
5 3 . 6 3 8 37.158
4 9 . 5 4 1 33.556
4 4 , 1 9 2 29.773
4 0 . 5 1 6 27.447
5 4 . 7 3 6 45.812
5 0 , 1 2 8 4 1 . 2 6 3
4 4 , 3 9 6 36,476
40.538 33.709
5 8 . 4 1 0 215.254
51.918 189.950
4 4 . 9 9 2 163.804
40.602 147.020
1 6 0 . 0 3 3 1 3 8 . 6 5 1
1 6 0 . 3 3 8 138.987
1 6 9 . 1 4 7 146.519
1 6 0 . 0 8 5 112.589
1 6 0 . 8 1 5 1 1 3 . 2 2 1
182.929 127.410
160.119 1 0 0 . 5 2 0
1 6 1 . 1 0 6 101.432
192.748 119.127
1 6 0 , 1 3 0 97.368
1 6 1 . 1 9 8 9 8 . 3 6 6
1 3 6 . 1 9 6 117.120
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TABLE 7.5
Deformation of Cable Roofs', Case 9.000
x y
l b f /i n c h )
24.0
JOIN1
(l b f/i n c h )
12.0
r (l b f ) 
0.0053
DEFLECTIONS(INCHES
DEAD LOAD
'l b f /j o i n t
0.00
LIVE LOAD
l b f /j o i n t '
0.00
NO. OF ITERATIONS 
482
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20 
21 
22
23
24
E TOTAL POT.(LBF INCHES)
0.75 -1 9 . 6 2 1 1 6 3
I RESIDUAL FORCES(LBF)
X y 2; X y z
1 ■ • Q . 01A 4 0 0000 0.0428 0 0006 0,0000 -0,0006
2 - 0.0286 0 0000 0.0145 0.0006 0.0000 -0.0008
3 -0.0025 0 0000 - 0 . 0496 0.0004 0 . 0 0 0 0 0.0001
4 0.0000 0 0000 -0.0820 0 . 0 0 0 0 0 . 0 0 0 0 0.00-22
5 -0.0391 - 0 0081 0.0386 0.0011 0.0002 0.0004
6 -0.0258 - 0 0187 0.0179 -0.0013 0.0001 -0,0012
7 -0.0031 - 0 0243 -0.0334 0.0015 0.0002 0 e 0006
8 0 . 0 0 0 0 - 0 0259 -0.0596 0 . 0 0 0 0 0.0000 0.0007
9 -0.0273 - 0 0196 0.0871 0.0012 -0.0001 0.0011
10 -0.0320 - 0 0518 0.1479 -0.0023 -0.0002 -0.0014
11 -0,0136 -0 07 66 0.1810 0.0019 - 0 . 0 0 0 0 0.0007
12 0 . 0 0 0 0 - 0 0864 0.1925 0 . 0 0 0 0 0.0002 -0.0003
TNK LENGTH(INCHES) INITIAL FORCE(LBF) FINAL FORCE(LBF)
5.3638 6 4 .366 45.415
4.9541 59.450 41.042
4.4192 53.030 36.412
4.0516 48.619 33.597
5.4736 65.683 57.152
5.0128 60.154 51.485
4.4396 53.275 45.660
4,0538 48.646 42.143
5.8410 70.092 255.894
5.1918 62.302 225.750
4.4992 53.990 194.069
4.0602 48.723 174.271
8.0017 192.040 167.629
8 .OI69 192.405 168.044
8.4574 202.977 177.157
8.0043 192.102 136.679
8.0408 192.978 137.497
9.1465 219.515 154.381
8.0059 192.143 121.732
8.0553 193.328 122.872
9.6374 231.297 143.881
8.0065 192.156 117.825
8.0599 193.437 119.092
9.8098 235.435 141.301
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F i g .  1 -1
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( b )
( c  )
(d )
Fig.  1-3
1 .?8
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f i g .  1 -4
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Fig. 16
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Fig.  1-7
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Read [X] , (J], [Z], [Fx] , [F ], f r j  
[tj E, A, K, R ^
No
C  Print [x], [y] , EDYes
No - c  entier no/4. ~ no/4- = 0 I > - rr
no = 0
S =• KS
[ d W/9x j , [ d \ l / d y l , W/<3z]
3*6 Block diagram for calculation of displacements 
and forces in cable-nets.
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Fig.  5-16 0 0 5 0 : 0 - 1 0 - 2 0 ,  7 x 5 c a b l e  n e t
T e n s i l e  Forces  in L i n k s
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Pig. 5*18 C a s e :  1 6 - 4 - 8 ,  7 x 5  c a b l e  n e t ,  X - d e f  l e c t i o n  s
----------- T h e o r e t i c a l  c u r v e s
-----------------E x p e r i m e n t a l  c u r v e s
D
ef
le
ct
io
n
 
(i
n
c
h
e
s
 
)
Joi nt
no.
002
0 0 0
• —-<>
-  0 02-
-  0-04
-  0 0 6
- 0 - 0 8
A p p l i e d  Load a t  J oi nt  18 ( I b f )
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Fig. 5-22 C as e :  1 6 - 4 - 8 ,  7 x 5  cab le  net ,  Z - d e f  lect  ions
-----------------T h e o r e t i c a l  c u r v e s
--------------------E x p e r i m e n t a l  c u r v e s
D
e
fl
e
c
ti
o
n
 
(i
n
c
h
e
s
)
174
Jo i nt
no.
007
0-06
0*05
0*03
0-02
0-01
0-00
-002
Appl ied L o a d  a t  Joi n t  18 ( I b f )
^*9- 5 -23 Case:  1 8 - 4 - 8 ,  7 x 5  c a b l e  n e t ,  Z - d e f l e c t  io ns 
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Fig. 5-25 C as e:  1 6 - 4 - 8 ,  7 x 5 c a b l e  n e t
T e n s i l e  Fo rc es  in L i n k s
— ------------- T h e o r e t i c a l  c u r v e s
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Fig. 5-26 C ase:  16 4 8 , 7 x 5 c a b l e  n e t .
T e n s i l e  Forces in L i n k s .
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T e n s i l e  Force in L i n k v59
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 ------------  Theore t ica l  c u r v e
a- * - — Ex p e r i me n t a l  c u r v e
183
0 06 Joint
no.
0-0 4
27
002
u-0-02
- 0 0 4
-0-06
- 0 0 8
Appl ied  Load at J oi nt  13 ( I b f )
fri g . 5 ,32 Case:  1 6 - 4 - 8 ,  7 x 5  c a b l e  n e t ,  Z - d  e f  l e c t  ions
----------------- T h e o r e t i c a l  c u r v e s
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Fig.  $-33 C ase:  1 6 - A - 8,  7 x 5  c a b l e  n e t .  
T e n s i l e  F o r c e  in L i n k  71
 :-----  T h e o r e t i c a l  c u r v e
---------------- E x p e r i m e n t a l  c u r v e
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Fig. 6-4 Case:  1 6 - 4 - 8 ,  Y - d e f l e c t i o n s .
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Fig.6-16 Case:  1 6 - 8 - 1 6 ,  Y - d e f l e c t i o n s .
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F i g . 6-17 Case:  1 6 - 8 - 1 6 ,  Z - d e f l e c t i  ons.
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F i g . 6-19 Case:  1 6 - 8  —16, Tensi le  Forces in Links.
204
a>
c
i
a>
Zi
<d
o
c
o
■4-»
<d
E
0>
O
CJ
o
CsJ
CD
d>
Ll
<u
CL
oj
-C
i/)
TJ
<L>
■D
nj
O
SZ
o SZ
c oc:
ii
SZ o
u
c n
o E
u
*— X--
-v ai 4> (Uo CL
o fd td (d
■'— JZ u o1 CO to 10
CD i_ c
1 X I rd o1 CD <L>
CO TJ l: f0
1 O E
CD c
ZJ oH—
(UCD
U)
(d
1 o
205
Joint
no.
0*1 A
0-1 0
~  0-08
0-04
0-02
0-00
2 3 4 5 6 7 8 9 100 1
A p p l i e d  L o a d  ( I b f / j o i n t )
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F i g . 6-29 Case:  1 2 - 4 - 8 ,  Z - d e f l e c t i o n s
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F i g . 630 Case:  1 2 - 4 - 8  , ' Te ns i l e  Forces in Li nks.
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F i g . 631 Case:  1 2 - 4 - 8 ,  T e n s i l e  Forces in Links.
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Fi g.6-36 C a s e :  12 - 6 - 12 ,  T e n s i l e  Forces in Links.
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Fig.6-37 C a s e :  12-6-12 ,  T e n s i l e  Forces  in Links.
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Fig.6-39 Case:  1 2 - 8 - 1 6 ,  X - d e f l e c t i o n s .
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Fig. 641 Case:  1 2 - 8 - 1 6 ,  Z - d e f  I ec t ion s.
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Fig.6 A2 C a s e : 12— 8 - 1 6 ,  Tens i l e  For c e s  in Links.
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F i g . 643 Case:  1 2 - 8 - 1 6 ,  T e n s i l e  Forces  in Links.
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Fig.645 Case:  12 - 10 - 20 ,  X - d e f l e c t i o n s .
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6-A8 C a s e :  1 2 - 1 0 - 2 0 ,  T e n s i l e  Forces  in Links.
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F i g .6-49 C as e : 1 2 - 1 0 - 2 0 ,  Te ns i l e  F o r e s  in L inks.
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Fig.  6 51 C a s e :  8 - 4 - 8 ,  X - d e t I e c t i o n s .
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6 52 Case; 8 - 4 - 8 ,  Y -d e f  lec t ions.
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.6-53 C a s e :  8 - 4 - 8 ,  Z-  d e f l e c t  ions.
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F i g . 6-54 Case:  8 - 4 - 8 ,  T e n s i l e  Forces in L i nks .
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Fig.  6-55 Case:  8 - 4 - 8 ,  T e n s i l e  Forces  in L i n ks .
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Fig.  6-57 Case;  8 — 6 —12, X - d e f  lect ions.
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F i g . 6-58 C a s e :  8 - 6 — 12, Y - d e f l e c t i o n s .
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F i g . 6-59 C a s e :  8— 6 — 12, Z - d e f  lec t io n s .
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F i g . 6-60 C as e :  8 - 6  — 12, T e n s i l  e F o rc e s  in L i n k s .
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Fi g .  6 63 C a s e :  8 - 8 - 1 6 ,  X - d e f  I e c t i o n s .
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F i g . 6-69 Case:  8 - 1 0 - 2 0 ,  X - d e f l e c t i o s .
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Fig.  6 71 Case:  8 — 1 0 - 2 0 ,  Z - d  ef l ec t  ions.
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.6-76 Case:  4 - 6 - 1 2 ,  X - d e f  t ec t io ns.
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Fig.  6-85 C a s e :  A - 8 - 1 6 ,  T e n s i l e  Forces in L i n k s .
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